Physical Processes in Subaerial and Submarine Explosive Volcanism: Case Studies from the Kermadec Arc, SW Pacific by Rotella, Melissa Dawn
 
 
 
 
Physical Processes in Subaerial and Submarine 
Explosive Volcanism: Case Studies from the 
Kermadec Arc, SW Pacific 
 
 
 
 
by 
 
 
 
Melissa Dawn Rotella 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A thesis 
submitted to Victoria University of Wellington 
in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Geology 
 
 
 
Victoria University of Wellington 
School of Geography, Environment and Earth Sciences 
Thesis Advisor: Prof Colin J.N. Wilson 
 
Wellington, New Zealand 
 
April 2013 
 
  
 
  
 
 
 
 
 
 
 
 
 
Bubble, bubble, toil and trouble... 
 
  
 
  
 
Acknowledgements 
 
This thesis would not be possible without the many years of dedication, time, 
encouragement and patience of my supervisor Colin Wilson. Your passion for 
volcanology is inspiring. I also thank the many people who stepped in and offered co-
supervisorial advice while Colin was away with the ‘Iron Lady’, Richard Wysoczanski, 
Bruce Houghton, Kathy Cashman, Ian Wright, Simon Barker and Alexa Van Eaton and 
the many VUW graduate students who listened to me while I rambled on about bubbles. 
Your input and support was immeasurably valuable, I couldn’t have done it without you.  
 
This research was largely funded by a Marsden grant awarded to Prof Colin Wilson, 
which provided funds for my PhD stipend, research costs and conference travel. Thank 
you to Victoria University for two Strategic Research Grants, which funded travel to a 
workshop in Tasmania (2009) and the AGU Fall Meeting in San Francisco (2012). 
Samples were collected during two NIWA voyages aboard the R.V. Tangaroa to the 
Kermadec arc, NZAPLUME III in 2004 and the one I had the opportunity to participate 
on TAN07/06 in 2007. Thank you Ian Wright for a wonderfully organized and 
memorable voyage to the Kermadecs, it is something I will never forget. Thank you to 
the captain and the crew of the Tangaroa for working with us to collect the vast 
quantities of pumices from the seafloor and for delivering us safely to and from the 
island and to Karren Bierd and the New Zealand Department of Conservation for 
permission to sample on Raoul and Macauley Islands. And thank you to an excellent 
field team of Colin Wilson, Darren Gravely, Max Borella and Mike Rosenberg for 
making the voyage interesting and entertaining.  
 
Many people played a part in making the data collection and interpretation possible. 
Bruce Houghton, Wendy Stovall, Thomas Shea, Ian Schipper and Garry Huss (U 
Hawaii) are thanked for showing me the ropes of image acquisition and data collection. 
JoAnn Sinton (U Hawaii), Neville Orr (GNS) and Stewart Bush (VUW) are thanked for 
making impregnated polished pumice thin sections. David Flynn, Richard Wysoczanski 
and John Creech (VUW) are thanked for their patience in helping me with backscattered 
electron imaging. Andrew Rae (VUW) is thanked for helping to make the GIS maps. 
Many summer research scholarship students are thanked for their hours ‘doing bubbles’: 
Chris Davies, Leroy Crawford-Flett, and David Helliwell. Prof John Harper is thanked 
for his mathematical wizardry in calculating more alpha values for my geometric bins. 
Samples from the July 2012 Havre eruption were donated by Helen Bostock (NIWA) 
and the shipboard scientists and crew of the R.V. Canterbury. 
 
Thank you to my friends who helped and supported me along this journey. Heather, 
Cheih, Chad, Erik and all my friends on Joides Resolution Exp 339, without your friendship 
for two months at sea I would have never gotten my sanity back enough in order to 
buckle down and write my PhD. All the paddling girls in Hawaii, Auckland and 
Wellington for the adventures. My office mates throughout the years: Alexa Van Eaton, 
Evelyn van de ven, Ian Schipper, Sophie Bartin, Sarah Martin, Chelsea Tutt, Chris Davy, 
Kristy Herbert, John Creech and Ben Hines, and the VGP group at Victoria University 
for making my PhD experience memorable, especially Alexa my academic sister, I’ll 
never for get our crazy adventures and I can’t wait for the ones to come. 
 
I could not have done this without the loving support of my family back home. Thank 
you for your advice and encouragement and always being there for me, no matter how 
far away I was. And finally, thank you to Simon, my rock and my best friend, for all your 
love and support. 
  
 
 
 
 
  
 
Dedication 
 
 
 
 
 
 
 
 
To my mom and dad, 
 
for always believing in me. 
  
 
  
 
Abstract 
 
This research explores the dynamics of subaerial and submarine explosive silicic 
volcanism in the Kermadec arc (SW Pacific) by looking at the microtextures of bubbles 
in pumice. An increasing body of evidence from oceanic arcs shows that submarine 
pumice-forming eruptions are surprisingly common. Such eruptions involve silica-rich 
magmas, despite their oceanic setting, and many are large enough to form calderas and 
represent a significant hazard. This study contributes towards the understanding of 
conditions during silicic volcanic eruptions, using comparisons and contrasts between 
pyroclasts from subaerial and submarine eruptions from the same tectonic setting. Five 
volcanoes are investigated (Raoul, Raoul SW, Macauley, Healy and Havre), all of which 
have erupted dacite to rhyodacite of broadly similar chemical and physical properties 
within the last 10,000 years. These eruptions occurred over a range of water depths 
providing constraints that allow such processes to be quantified by ‘eliminating’ the 
variables of magma chemistry and tectonic setting. In this thesis I quantify the pyroclast 
bubble size distributions and number densities for subaerial and submarine pumices 
using an adaption of the FOAMS program [Shea et al., 2010a: JVGR 190, 271-289].  
 The investigation of pumices from six subaerial eruptions from Raoul volcano 
show there is a dearth in pyroclasts with ~65-75% vesicularity with most deposits having 
pyroclasts with vesicularities higher than this range (mode ~82%). It is these 65-75% 
vesicularity clasts, however, that have the highest bubble number density (BND) values, 
regardless of eruption intensity, style or degree of interaction with external water. This 
study suggest that this 65-75% vesicularity range is pivotal in the fragmentation of 
magma, with higher vesicularity clasts preserving varying degrees of post-fragmentation 
bubble growth and coalescence, and hence decrease in BND values. The implications 
from this study are broad reaching as most pyroclast bubble size studies focus on modal 
density clasts, which I show do not preserve characteristics of the magma at 
fragmentation, but instead preserve some degree of post-fragmentation expansion prior 
to quenching in the conduit or eruption plume. 
The thorough assessment of pyroclast textures from the subaerial erupted Raoul 
pyroclasts allows for comparisons to be made with submarine erupted pyroclasts 
sampled via dredging. These results permit inferences to be drawn as to the influence of 
both eruption rate and water depth on the eruption dynamics, with the interplay between 
the two playing a vital role. Results of this work challenge the existing notion of simple 
  
 
end-member explosive or effusive regimes and define a new intermediate eruptive style 
(Tangaroan) that is unique to the submarine realm. This eruptive style is neither effusive 
nor explosive yet generates highly vesicular, widely dispersed pumice clasts through 
buoyant detachment of foaming magma at vent. These magma blebs undergo further 
vesiculation processes whilst being transported within the water column before 
disintegration by hydrofracturing. In contrast, higher eruption rates cause fragmentation 
to occur within the conduit prior to any quenching influence of the overlying water 
column. The higher dynamic pressure of a significant overlying water column acting on 
the eruption jet inhibits rapid decompression and expansion of clasts, as it would if 
erupted into air, and therefore affects the vesiculation processes in the resulting 
pyroclasts. If the eruption jet is able to breach the sea surface, the rapid decrease in 
pressure is translated to the pyroclast texture as an additional rapid homogenous 
nucleation event. This nucleation event is seen as zones of abundant small bubbles 
within the complex heterogeneous groundmass texture of large, thin walled, highly 
coalesced and sometimes highly contorted bubbles. These distinctive differences open up 
the possibility of being able to fingerprint subaerial versus submarine erupted pyroclasts 
in ancient volcaniclastic sequences. 
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Chapter 1 
Thesis Introduction 
 
 
 
1
 1.1. Thesis Overview  
 
1.1.1. Goals and Objectives 
 
Understanding the processes of explosive volcanism in the marine environment remains 
a great challenge in physical volcanology, owing in large part to the difficulty of making 
direct observations, and the inaccessibility of deposits for close examination. The ocean 
floor remains one of the least understood environments on Earth with the topography of 
the surface of Mars known in finer detail [Arculus, 2011]. Although the submarine 
environment hosts ~75% of all volcanism on earth [Crisp, 1984], few studies have 
examined the processes governing silicic explosive eruptions that occur under water. 
This research focuses on understanding the dynamics of subaqueous, pumice-forming 
eruptions by studying pyroclast textures from five volcanoes. The case study eruptions 
took place at varying water depths (from subaerial to >1000 meters below sea level 
[mbsl]) along the Kermadec arc, which stretches northwards from New Zealand for 
~2000 km. Although these particular eruptions occurred primarily in submarine 
environments, the principles of shallow-water volcanic activity may also apply to 
freshwater lakes. 
 An increasing body of evidence from oceanic arcs indicates that submarine 
pumice-forming eruptions are more common than once believed (e.g., Izu-Bonin arc 
[Halback et al., 1989; Fiske et al., 2001; Yuasa and Kano, 2003], Woodlark and eastern 
Manus basins [Binns, 2003], southern Mariana arc [Bloomer and Stern, 2001] and Tonga-
Kermadec arc [Wright et al., 1998, 2003, 2006; Smith et al., 2003a, 2003b; Barker et al., 2012, 
(Chapter 3)]). These pumice-forming eruptions involve silica-rich magmas, despite their 
oceanic setting, and many are associated with large-scale crustal collapse in the form of 
calderas. These features represent significant local and regional hazards, such as emission 
of airborne volcanic ash clouds that disrupt aircraft [Tupper et al., 2006], large floating 
pumice rafts that disrupt seaborne traffic, and the generation of tsunamis [Mastin and 
Witter, 2000].  
Despite the increasing recognition of pumice-forming eruptions in deep water, 
this style of volcanism is still highly unusual in a global context. Previous work has 
suggested that the pressure of an overlying water column suppresses foaming of magma 
to form pumice and hence inhibits explosivity of submarine eruptions [e.g., Cas and 
Wright, 1987; Cas et al., 1990; Cas, 1992]. More recent studies have suggested that silicic 
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 submarine eruptions are either violently explosive (e.g., the ‘neptunian’ style of Allen and 
McPhie [2009]) or effusive [e.g., Allen et al., 2010]. The latter produces effusive lava flows 
or domes, which may in turn become explosive during magma-water interaction and 
result in the submarine equivalent of Vulcanian eruptions [e.g., Allen and McPhie, 2000; 
Kano, 2003; Maeno and Taniguchi, 2006; Wright et al., 2007]. However, rigorous testing of 
these ideas has been hindered both by the lack of directly observed pumice-forming 
eruptions in deep water, and the paucity of measurements from their volcanic products. 
By comparison, textural parameters such as bubble size and number densities are 
reasonably well characterized for evolved subaerially erupted pyroclasts worldwide (e.g., 
Mt Mazama [Klug et al., 2002], Mt St Helens [Klug and Cashman, 1994],Vesuvius [Gurioli et 
al., 2005; Shea et al., 2012], Pinatubo [Polacci et al., 2001], Phlegraean Fields [Polacci et al., 
2003; Polacci, 2005], Novarupta [Adams et al., 2006], Taupo [Houghton et al., 2003, 2010], 
Askja [Carey et al., 2009], Masaya [Costantini et al., 2010]; Chaiten [Alfano et al., 2012] and 
Unzen [Cichy et al., 2012]). Such data have proved invaluable to the understanding of the 
explosive eruption dynamics, from volatile supersaturation to vesiculation, fragmentation 
and post-fragmentation processes [e.g., Cashman and Mangan, 1994; Blower et al., 2001, 
2002; Polacci et al., 2004; Gonnermann and Houghton, 2012]. However, the textural 
fingerprints of submarine-erupted silicic pumice have never been previously quantified.  
A central goal of this study is to employ a quantitative approach to constrain the 
processes governing the fragmentation and eruption of silicic magma in subaqueous 
settings by employing the first detailed measurements of bubble size and number density 
of submarine erupted silicic pyroclasts. Subaerial erupted pyroclasts are first investigated 
in detail, then these data are compared to pyroclast data from submarine erupted 
pyroclasts thus providing comparisons along the same volcanic arc and compositional 
range, and enabling a unique assessment of key differences between subaerial and 
submarine eruption dynamics. Pyroclasts from four volcanoes in the Kermadec arc, 
which erupted dacite to rhyodacite of broadly similar physical properties within the last 
10,000 years, were targeted for detailed investigation. These include Raoul, Raoul SW, 
Macauley and Healy volcanoes, providing contrasting eruption depths that range from 
deep marine (>1 km) to subaerial. A fifth volcano from the Kermadec arc was 
investigated when samples became fortuitously available from the 19-21 July 2012 
eruption of Havre volcano. This thesis is structured around five fundamental questions 
regarding the processes and products of explosive subaerial and submarine volcanism:  
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 1. What is the most effective approach in characterising pyroclasts from explosive eruptions? Chapters 
2 and 3 provide details on the process of documenting and quantifying a diversity of 
subaerial and submarine pyroclasts. In particular, I address the issues involved in 
bubble size measurements and 2D to 3D conversion techniques using thin section 
images and the FOAMS program [Shea et al., 2010a]. 
 
2. What is the macroscopic nature of pyroclasts from submarine silicic eruptions? Submarine 
deposits are uniquely difficult to sample and the most accessible route is seafloor 
dredging. In Chapter 3 [Barker et al., 2012] I present a quantitative characterisation of 
subaerially sampled and submarine dredged pyroclasts using density techniques. The 
density data are used to screen the sample suites for the limited number of 
pyroclasts that will have their microscopic vesicle characteristics quantified in detail. 
In Chapters 5 and 6 [Rotella et al., 2013b, in prep] I assess the quantitative vesicularity 
characteristics of submarine eruptions in comparison to subaerial eruptions [Rotella et 
al., 2013a (Chapter 4)] from the Kermadec arc. 
 
3. What can textural studies tell us about the processes in subaerial and submarine volcanism? In 
Chapter 4 [Rotella et al., 2013a] I present quantitative textural analysis data for 
pyroclasts from six eruptions of Raoul volcano. This data shows a ‘pivotal 
vesicularity range’ for subaerial eruptions in which magma is most likely to fragment 
and provides evidence for post-fragmentation, pre-quenching bubble coalescence 
and expansion for dry erupted eruptions. In Chapters 5 and 6  I use these findings 
to compare subaerial and submarine volcanism. 
 
4. Are all submarine silicic eruptions necessarily either explosive or effusive? In Chapter 5 [Rotella 
et al., 2013b] I document a new eruption style (Tangaroan), identified from pyroclast 
textures that are distinct from the previously documented end-members. This style 
is neither effusive nor explosive, yet produces highly vesicular pumice fragments 
(>90% vesicularity) that can be dispersed widely over the seafloor. The results 
demonstrate that these pyroclasts textures are qualitatively and quantitatively distinct 
from their subaerial equivalents, providing a revised understanding of the spectrum 
of eruptive behaviours unique to the subaqueous realm.  
 
5. How do the nature and timing of bubble nucleation and growth in deep marine environments 
compare to their subaerial counterparts? In Chapter 6 [Rotella et al., in prep] I investigate 
pyroclasts from three deep submarine volcanoes (Healy, Raoul SW and Havre) and 
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 compare them to shallow-water erupted but subaerially emplaced pyroclasts from 
the Sandy Bay Tephra eruption of Macauley Island to show that the pressure of the 
overlying water column does indeed affect the pyroclast textures and reflecting 
differences in eruption dynamics. I also show the potential of using pyroclast 
microtextural characteristics to aid in identification of eruptive environments and 
styles. 
 
1.1.2. Structure of the Thesis 
 
This thesis is written as a combination of chapters and published, submitted and draft 
manuscripts, which are presented as such in their published or submitted state, but 
reformatted for consistency through the thesis. Author contributions for each published 
or submitted manuscript are outlined at the beginning of each chapter. 
Chapter 1 introduces the mechanics of silicic explosive eruptions in subaerial 
settings, and discusses what vesicularity studies of pumice can tell us about the 
fragmentation and eruptive processes. There follows an overview of submarine silicic 
eruptive styles described in the literature, in particular the end-member distinctions 
between explosive and effusive activity, and a brief discussion of why a two end-member 
classification system is not necessarily appropriate for submarine silicic volcanism. There 
is then a brief summary of historical eruptions of the Kermadec arc and a volcanological 
background to the five volcanoes studied.  
Chapter 2 outlines the detailed methodology undertaken in the quantitative 
textural analysis study, from sampling of the pyroclasts, through to the quantification of 
vesicularity textures. I also discuss the various stereological techniques available and why 
the method of Sahagian and Proussevitch [1998] was chosen, as well as the limitations to the 
methods used, and discus the use of the FOAMS program [Shea et al., 2010a] for data 
analysis. Finally a brief discussion of the analytical techniques used for major element 
glass chemistry is provided. 
Chapter 3 reports the pyroclast density studies undertaken for 16-32 mm sized 
pyroclasts from Raoul, Macauley, Healy and Raoul SW volcanoes and major element 
whole rock chemistry for larger clasts. This chapter highlights the dominant 0.42 g/cm3 
density mode (83% vesicularity) for Raoul, subaerially sampled Macauley, Healy and 
Raoul SW pyroclasts and speculates as the origin of bimodal density distribution for 
dredged Macauley pyroclasts (which is then detailed in Chapter 5 [Rotella et al., 2013b]). 
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 This chapter has been published in the Bulletin of Volcanology [Barker SJ, Rotella MD, 
Wilson CJN, Wright IC, Wysoczanski RJ (2012) Contrasting pyroclast density spectra 
from subaerial and submarine silicic eruptions in the Kermadec arc: implications for 
eruption processes and dredge sampling, 74:1425-1443].  
Chapter 4 reports the results of a vesicularity study of pyroclasts from six 
subaerial eruptions from Raoul volcano, and brings to light the idea of a pivotal 
vesicularity range (65-75%) within which fragmentation occurs. This work shows that 
pyroclasts closest to the pivotal vesicularity range have the highest bubble number 
density (BND) regardless of eruption intensity, style or degree of interaction with eternal 
water, and that BND values decrease with vesicularities departing this critical range, 
indicative of post-fragmentation effects. This chapter is under review with Bulletin of 
Volcanology [Rotella MD, Wilson CJN, Barker SJ, Cashman KV, Houghton BF, Wright IC 
(2013a) Syn- and post-fragmentation bubble development in explosive silicic eruptions: 
insights from pyroclast vesicularity textures from Raoul volcano (Kermadec arc)].  
Chapter 5 reports the presence of a new submarine silicic eruptive style, termed 
Tangaroan, which is neither effusive nor explosive, yet produces highly vesicular pumice 
fragments (>90% vesicularity), which can be dispersed widely on the seafloor. This new 
style was discovered through investigation of seafloor-dredged pyroclast densities and 
textural studies with supporting evidence from major element glass chemistry analyses. 
This chapter is under review with Nature Geoscience [Rotella MD, Wilson CJN, Barker SJ, 
Wright IC (2013b) Highly vesicular pumice generated by buoyant detachment of magma 
in subaqueous volcanism].  
Chapter 6 investigates the vesicularity textures of pyroclasts from deep submarine 
explosive eruptions at Healy, Raoul SW and Havre volcanoes and compares them to the 
subaerially-erupted Raoul pyroclasts [Rotella et al., 2013a (Chapter 4)] and submarine-
erupted Tangaroan pyroclasts from Macauley volcano [Rotella et al., 2013b (Chapter 5)]. 
In addition, qualitative comparisons are made to the Sandy Bay Tephra pyroclasts 
sampled from Macauley Island, and inferences are made as to the eruption dynamics. In 
this chapter I show that the presence of a large overlying water column does affect the 
nature and timing of bubble nucleation and growth, and I develop a new conceptual 
model for the role of the water column in governing submarine eruptive behaviour. This 
chapter is written as a draft manuscript to be submitted to the Journal of Volcanology and 
Geothermal Research.  
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 Chapter 7 is a synthesis and conclusion of the findings presented in this thesis 
and brings together the results of the density and vesicularity textural studies for the 
subaerial and submarine Kermadec arc pyroclasts studied. This chapter also outlines 
areas of potential future work, which are beyond the scope of this thesis. 
 
Several Appendices are included in this thesis:  
• Appendix A shows the pyroclast backscattered electron (BSE) and Adobe 
Photoshop edited images.  
• Appendix B discusses the corrections applied to the FOAMS (version 1.0.2b) [Shea 
et al., 2010a] output data in this thesis.  
• Appendix C assesses the uncertainty in the density measurement method of 
Houghton and Wilson [1989] used in Chapter 3.  
• Appendix D presents the whole rock X-Ray Fluorescence data presented in Chapter 
3 [Barker et al., 2012]. Both Appendices C and D are published as supplementary 
material in Barker et al. [2012 (Chapter 3)].  
• Appendix E presents glass major element geochemical data from thin sections 
collected by electron microprobe.  
• Appendix F shows representative Macauley pyroclast images, submitted as 
supplementary material with Rotella et al. [2013b (Chapter 5)].  
• Appendix G (in conjunction with Figures 6.6, 6.7, and 6.8 in Chapter 6) uses the 
density/vesicularity histograms to show which clasts were chosen for thin sectioning 
and textural analyses. 
• Appendix H is a manuscript in press with Journal of Petrology [Barker et al., 2013], 
which presents the geochemistry and petrology of the Kermadec pyroclasts. 
 
1.2. Mechanics of Silicic Explosive Eruptions 
 
The exsolution and rapid expansion of magmatic volatiles is the primary driving force of 
explosive volcanism (Figure 1.1). This section reviews the fundamental processes 
involved in the lead-up to, and during, volatile-driven explosive eruptions. In particular, I 
highlight the processes involved in vesiculation of magma – development of volatile 
supersaturation and bubble nucleation, growth and coalescence, and fragmentation of 
bubbly magma – all of which exert a powerful control on eruption style and vesicularity 
textures of the pyroclasts [Navon and Lyakhovsky, 1998]. 
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Figure 1.1. Schematic illustration showing 
processes occurring from the magma storage 
region through to eruption. Within the 
magma chamber, volatiles such as H2O and 
CO2 are dominantly dissolved in the melt. 
Gas bubbles nucleate in the volatile 
supersaturated melt, then as magma rises and 
pressure decreases bubbles continue to 
nucleate and grow. Fragmentation occurs 
when then the bubbles occupy ~70-75% of 
the available volume (equivalent to 
Apollonian packing of spheres). Above the 
fragmentation zone, flow changes from a one-
phase flow of gas bubbles in liquid to a two-
phase flow of liquid or solid bubbly magma in 
gas. Modified from Cashman et al. [2000]. 
 
 
1.2.1. Supersaturation and Nucleation of Volatiles in the Melt 
 
In the traditional view of magma ascent in explosive volcanic eruptions, decreasing 
pressure and increasing volatile content of the melt during crystallisation cause dissolved 
components such as H2O and CO2 to become supersaturated in the melt, pushing the 
system out of thermodynamic equilibrium. In order to regain equilibrium, volatiles 
diffuse into existing bubbles or, if distant from existing bubbles, new bubbles are 
nucleated [Lyakhovsky et al., 1996; Navon et al., 1998; Mangan and Sisson, 2000; Blower et al., 
2001]. Although the most effective way of attaining supersaturation is by lowering 
pressure, supersaturation is additionally enhanced by increasing the water content of the 
melt through crystallisation of anhydrous crystal phases [e.g. Tait et al., 1989; Cashman and 
Blundy, 2000]. During this process, referred to as ‘second boiling’, volatiles become more 
concentrated in the melt [Burnham, 1979; Burnham and Ohmoto, 1980]. Relatively high 
decompression rates are required to outpace the diffusion of dissolved volatiles into 
existing bubbles [e.g., Sparks, 1978; Proussevitch et al., 1993; Mourtada-Bonnefoi and Laporte, 
2002, 2004; Lensky et al., 2004; Gonnermann and Manga, 2007], thereby driving the melt 
progressively toward supersaturation and increasing rates of bubble nucleation 
[Gonnermann and Houghton, 2012]. There are two ways in which bubbles may nucleate in 
the melt: homogeneously and heterogeneously (Figure 1.2). Homogeneous nucleation of  
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Figure 1.2. Illustration of (a) homogeneous and (b) heterogeneous bubble nucleation. Modified from 
Mader [2006]. 
 
 
bubbles occurs in the absence of nearby solid surfaces and requires high supersaturation 
pressures in the melt. Heterogeneous nucleation occurs on crystals or other solids in the 
melt and requires much lower supersaturation pressures [Hurwitz and Navon, 1994]. 
 
1.2.1.1. Homogeneous Bubble Nucleation 
 
 Classical bubble nucleation theory, discussed in detail by various authors [Hirth et 
al., 1970; Sparks 1978; Hurwitz and Navon, 1994; Sparks et al., 1994; Navon and Lyakhovsky, 
1998; Mangan and Sisson, 2000, 2005] pivots on the following key factors: energy required 
for nucleation; critical nucleus size; and the rate of nucleation through the 
thermodynamic properties of the system (energy, pressure, temperature, chemical 
potential and surface tension) [Navon and Lyakhovsky, 1998]. In order for a bubble to 
nucleate it must overcome the energy barrier provided by surface tension. This is 
achieved through the development of a supersaturation pressure (ΔP), defined as the 
difference between the ambient pressure and the hypothetical pressure at which 
dissolved volatiles would be in equilibrium with the melt [Sparks et al., 1994]. The 
supersaturation pressure has been numerically [Toramaru, 1989, 1995, 2006] and 
experimentally [Mourtada-Bonnefoi and Laporte, 1999, 2004; Mangan and Sisson, 2000] 
determined to be >100 MPa for crystal-free rhyolite. Excess free energy in the system 
due to supersaturation of volatiles will initiate the formation of bubbles in magma. If the 
decrease in free energy of the system due to bubble formation is less than that required 
to maintain the gas-liquid interface, the bubble will be resorbed into melt (Figure. 1.3). 
The critical nucleus size (rc) defines a bubble that is in unstable equilibrium, smaller 
bubbles will resorb and larger bubbles will grow spontaneously, according to: 
9
 rc = 2σ/∆P 
 
where σ is the interfacial surface tension in N/m. For silicate melts, the critical nucleus 
size has been theoretically determined to be on the scale of 0.1 to several nanometres 
[e.g., Navon and Lyakhovsky, 1998; Gonnermann and Houghton, 2012]. Experimental 
determination of critical nucleus size has proven to be more difficult. This is because, 
immediately following nucleation, there is an initial period of efficient volatile diffusion 
and rapid, exponential growth. This short-lived period is difficult to observe and 
preserve in laboratory experiments. Bubble growth slows as r>>rc and the bubble enters 
a viscosity-limited growth regime [Navon and Lyakhovsky, 1998].  
The number of bubble nucleation sites in magma is largely dependent on 
decompression rate during homogeneous nucleation [Hurwitz and Navon, 1994]. During 
rapid decompression, new and more abundant sites become operative, allowing many 
more bubbles to be formed [Toramaru, 1995]. The faster the decompression rate, the 
more energy available in the system for nucleation, and the less important heterogeneous 
nucleation becomes [Hurwitz and Navon, 1994]. The abundance of small vesicles (<20 µm 
diameter) in pyroclasts is thought to indicate continuous nucleation until the late stages 
of magma ascent and magma fragmentation, presumably associated with homogeneous 
nucleation at large supersaturations [Blower et al., 2002; Namiki et al., 2003; Massol and 
Koyaguchi, 2005].  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Energy balance during bubble 
nucleation. Nucleus formation results in a 
negative energy contribution from phase 
formation (volume energy) and a positive energy 
contribution from interface formation (surface 
energy). When the nucleus size is larger than a 
critical radius (rc) the energy decrease from the 
formation of the gas phase exceeds the positive 
energy of the interface and bubble growth can 
occur. Modified from Cashman et al. [2000]. 
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 1.2.1.2. Heterogeneous Bubble Nucleation 
 
 In heterogeneous bubble nucleation, impurities such as crystals or other solids 
act as nucleation sites for bubbles. Without the need to overcome the energy of surface 
tension, nucleation in the presence of solid particles can proceed at much smaller 
supersaturation pressures (∆P > 5-25 MPa [Mader, 2006]), and is not limited by the 
kinetics of bubble formation [Cashman et al., 2000]. Heterogeneous nucleation on a crystal 
depends on the wetting characteristics of that crystal and is determined from the 
intersection angle (θ) of the three phases (Figure 1.4). If the melt is able to strongly 
adhere to or ‘wet’ a crystal (i.e., a low θ), such that a gas phase will not easily be able to 
displace it, that crystal is said to be strongly wetting and nucleation will require higher 
supersaturation pressures. When θ is 0°, the melt completely coats the crystal and 
heterogeneous nucleation cannot occur, even if crystals are present in the melt, and 
homogeneous nucleation dominates. At θ approaching 180° the gas completely coats the 
crystal and nucleation is strongly heterogeneous. At wetting angles of >68° 
heterogeneous nucleation dominates [Mader, 2006]. The wetting strength of a crystal is 
dependent on its composition, shape and surface roughness. Crystals such as feldspars 
and quartz have very low wetting angles, and do not facilitate heterogeneous nucleation, 
whereas oxides provide efficient sites for nucleation [Hurwitz and Navon, 1994; Navon and 
Lyakhovsky, 1998; Gardner and Denis, 2004; Gardner, 2007a]. This implies that 
crystallization of some minerals, such as feldspar, may allow large supersaturation 
pressures in cooling magma chambers without initiating nucleation [Hurwitz and Navon, 
1994]. For this study, in particular, heterogeneous nucleation appears to have taken place 
in volatile-saturated melts within magma chambers prior to eruption at all the Kermadec 
volcanoes studied, as evidenced by the ‘palisade’ bubble texture around crystals (see 
 
 
 
 
Figure 1.4. Illustration of (a) strongly vs. (b) weakly wetting crystals. θ is the wetting angle between the 
three phases, measured tangent to the bubble melt interface. Modified from Navon and Lyakhovsky [1998]. 
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 Rotella et al. [in prep (Chapter 6)]). The high bubble number densities of pyroclasts and 
abundance of small bubbles (<20 µm), however, implies that homogeneous syn-eruptive 
nucleation also plays an important role [Rotella et al., 2013a (Chapter 4)]. 
 
1.2.2. Bubble Growth, Coalescence and Ostwald Ripening 
 
 Once a stable bubble has nucleated in the melt, two processes control its growth: 
diffusion of volatiles from the supersaturated melt towards the bubble-melt interface, 
and expansion of the bubble by viscous deformation of the surrounding melt [Navon and 
Lyakhowsky, 1998; Navon et al., 1998; Proussevitch and Sahagian, 1998; Gonnermann and Manga, 
2007]. Initially, diffusion is efficient and bubble growth is limited by bubble expansion 
(or is ‘viscosity-controlled’) and the bubble growth rate follows an exponential 
distribution [Toramaru, 1995; Lensky et al., 2004]. Once the surface:volume ratio of the 
bubble decreases, and supersaturation in the melt immediately surrounding the bubble 
decreases (effectively limiting the ability of volatiles to diffuse readily into the bubble), 
the bubble growth regime becomes ‘diffusion-controlled’ and growth follows a power 
law distribution [Toramaru, 1995]. These growth regimes can be seen experimentally [e.g., 
Blower et al., 2002], theoretically [e.g., Toramaru, 1995] and in natural pyroclasts on plots of 
bubble number volume vs. bubble size [e.g., Klug et al., 2002; Rotella et al., 2013a (Chapter 
4)]. The transition from exponential to power law growth is postulated to occur over 
several seconds in water-rich rhyolites [Navon and Lyakhowsky, 1998]. Notably, this 
transition is seen for bubbles >~20 µm for Kermadec pyroclasts in this study [Rotella et 
al., 2013a (Chapter 4), in prep (Chapter 6)]. 
 In the viscosity-controlled regime, abundant tiny bubbles (>108 cm-3) form with 
relatively high internal pressure. The resulting highly stressed magma is then easily 
fragmented into fine ash by an external shock or other disturbance [Toramaru, 1995]. 
Navon et al. [1998] apply a model for bubble growth and suggest that the smallest bubbles 
observed in melt pockets between larger bubbles in pumice represent a second 
nucleation event shortly before or after fragmentation. They consider the presence of 
small interstitial bubbles to be an indication of the conditions at fragmentation. 
Viscosity-limited bubble growth is found to be important for the expansion of pyroclasts 
during ascent above the fragmentation surface, prior to quenching [Kaminski and Jaupart, 
1997; Rotella et al., 2013a (Chapter 4), in prep (Chapter 6)]. 
12
  Ultimately, a fuller understanding of magmatic bubble evolution requires not 
only an estimation of the nucleation and growth rates, but also of the coalescence rates, 
which despite recent progress, remains to a large extent insufficiently constrained [e.g., 
Gaonac’h et al., 1996a, 2003, 2005; Klug and Cashman 1996; Herd and Pinkerton 1997; Blower 
et al., 2002; Lovejoy et al., 2004; Gonnermann and Houghton, 2012]. Hence, these parameters 
are ignored in most models [e.g., Blower et al., 2001; Massol and Koyaguchi, 2005; Mongrain 
and Larsen, 2009; Gonnermann and Houghton, 2012]. Coalescence is an inevitable result of 
gas exsolution and increasing bubble:melt ratios, and this thesis shows that it also plays 
an integral role in post-fragmentation bubble size evolution in pyroclasts [Rotella et al., 
2013a (Chapter 4)]. Expansion of the system induces shearing (which in turn facilitates 
coalescence) and as the bubbles grow larger, coalescence gradually becomes more 
efficient and can be dominant [Lovejoy et al., 2004]. In addition, analytical models and 
experiments show that coalescence is faster in actively expanding silicate foams than in 
static foams [e.g., Proussevitch et al., 1993; Westrich and Eichelberger, 1994; Barclay et al., 1995; 
Larsen et al., 2004; Burgisser and Gardner, 2005]. Coalescence is considered to first occur as 
binary (bubble-bubble) interactions and later as a multibody process of geometrically 
overlapping units at ~70% void space (as predicted by percolation theory: [Gaonac’h et al., 
2003]), that may be central to triggering explosive eruptions in a process termed 
‘cascading coalescence’ [Gaonac’h et al., 1996a, 1996b]. The laboratory experiments of 
Gardner [2007b] show that coalescence is influenced strongly by melt viscosity, with more 
time needed for bubbles to coalesce as viscosity increases. However, the extent of 
coalescence appears limited by the distance between bubbles. This was confirmed by the 
in-situ bubble coalescence observations made by Gonde et al. [2011] during which bubbles 
remained where they nucleated through the course of the experiments. These results 
imply that coalescence in non-sheared magma is mostly a factor of the inter-bubble 
distance (i.e., on number density at nucleation). 
 In addition to bubble coalescence, Ostwald ripening of bubbles also acts to 
increase the overall bubble sizes in melts [e.g., Kabalnov et al., 1987, 1990; Larsen and 
Gardner, 2000; Lautze et al., 2011]. Ostwald ripening occurs when a chemical species 
diffuses from a smaller particle to a larger particle to reduce the surface free energy for 
the volume of that phase [Madras and McCoy, 2002]. In a bubbly fluid, the pressure within 
a small bubble is greater than the pressure within a nearby larger bubble, which is in turn 
is greater than that in the host liquid. Therefore, energy in the system is minimised by 
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 vapour diffusing from the smaller to larger bubble. This results in a reduction in bubble 
number density (BND) with time. 
 
1.2.3. Magma Ascent – ‘Dry’ Magmatic Volatile-Driven Fragmentation 
 
As stated previously, fragmentation of vesicular magma is the central process in 
explosive volcanism and generation of pyroclasts [Verhoogen, 1951; Walker, 1969]. 
However, the detailed mechanisms of this process are hotly debated, particularly with 
regard to silicic magmas [Sparks, 1978; Proussevitch et al., 1993; Alidibirov and Dingwell, 1996, 
2000; Gardner et al., 1996; Papale, 1999a; Zhang, 1999; Cashman et al., 2000; Polacci et al., 
2001, 2003, 2004; Spieler et al., 2004; Namiki and Manga, 2005; Polacci, 2005; Toramaru, 
2006]. In eruptions that do not interact with an external source of water (known as ‘dry’ 
eruptions), two main processes are argued to drive the fragmentation of magma [Cashman 
et al., 2000]. In the first process, bubble overpressure exceeds a certain threshold, 
resulting in disintegration of the magmatic foam [McBirney and Murase, 1970; Sparks, 1978; 
Wilson et al., 1980; Massol and Jaupart, 1999; Melnik, 2000; Spieler et al., 2004; Melnik et al., 
2005; Mueller et al., 2008]. In this case, the viscoelastic rheology of the melt causes it to 
fragment in a brittle manner [Gonnermann and Houghton, 2012]. In the second process, 
fragmentation of an already-vesiculated magma is triggered by the passage of a 
decompression wave [e.g., Alidibirov and Dingwell, 2000; Namiki and Manga, 2005; 
Toramaru, 2006]. Both of these mechanisms (or their combination) are highly dependent 
on viscosity and decompression rate. The state of magma on fragmentation is, in turn, 
controlled strongly by the gas volume fraction. The gas volume fraction is widely 
regarded as reaching a critical threshold of ~70-75% vesicularity at fragmentation 
[Sparks, 1978; Cashman et al., 2000; Gaonac’h et al., 2003; Polacci et al., 2004; Spieler et al., 
2004; Melnik et al., 2005] or, alternatively, magma may fragment at ~60-65% vesicularity 
and undergo post-fragmentation expansion of pyroclasts prior to quenching [Thomas et 
al., 1994; Gardner et al., 1996]. The build-up of overpressure may be modulated by the 
development of interconnected bubbles and gas loss from the erupting magma by 
permeable gas flow [Burgisser and Gardner, 2005; Mueller et al., 2008; Rust and Cashman, 
2011] or by gas loss through conduit walls [Jaupart and Allegre, 1991; Jaupart, 1998]. A 
study by Gonnermann and Houghton [2012] recently attempted to integrate the topics 
covered in the studies cited above and numerically constrain the rates of magma 
decompression required to produce the bubble size distributions in the 1912 Novarupta 
14
 fall deposit. Their proposed model predicts that bubbles nucleate with a diameter of 0.01 
microns and grow to 1 to 1000 microns, typical of the range of sizes found in the natural 
pyroclasts. The smallest preserved bubbles (1-10 microns) are found to comprise nearly 
90% of the total population and must have nucleated and grown to their final sizes 
within a few hundred milliseconds. They also concluded that the majority of volatiles 
(80-90%) are likely to be lost by open system degassing between magma fragmentation 
and quenching [Gonnermann and Houghton, 2012]. 
 It is commonly assumed that pyroclasts directly reflect the state of the magma at 
the moment of fragmentation and therefore can be used as an indication of the 
vesicularity state of the magma at that time [e.g., Sparks, 1978; Houghton and Wilson, 1989; 
Polacci et al., 2001, 2004]. However, the assumption has two requirements: (1) magma was 
quenched immediately after fragmentation; and (2) the pyroclasts were not derived from 
larger (>5 cm) pyroclasts, which have been proposed to undergo significant post-
fragmentation changes in vesicularity at their interiors [Thomas et al., 1994; Gardner et al., 
1996; Tait et al., 1998]. Natural pyroclasts (<5 cm) from dry-type explosive eruptions 
worldwide, however, preserve vesicularities typically exceeding the ~70-75% critical 
vesicularity value, with a dearth of pyroclasts with vesicularities of 65-75% [e.g., Houghton 
and Wilson, 1989; Sparks et al., 1994; Thomas et al., 1994; Polacci et al., 2001; Klug et al., 2002; 
Houghton et al., 2010; Barker et al., 2012 (Chapter 3); Rotella et al., 2013a (Chapter 4)]. In 
this thesis I show that this discrepancy is due to post-fragmentation bubble development 
(coalescence, expansion, growth etc.) occurring between the fragmentation and eventual 
quenching of magma [Rotella et al., 2013a (Chapter 4)]. In addition, I show that eruption 
dynamics occurring between fragmentation and quenching differ for silicic magmas 
erupted in subaerial versus submarine environments [Rotella et al., 2013b (Chapter 5), in 
prep (Chapter 6)]. 
 
1.2.4. Magma Ascent – Water Interaction and ‘Wet’ Eruptions 
 
Interaction with external water (such as an ocean, lake or aquifer) in wet-type eruptions 
has been suggested to prematurely quench and fragment the magma, regardless of its 
vesiculation state [e.g., Self and Sparks, 1978; Wohletz, 1986; Houghton and Wilson, 1989; 
Morrissey et al., 2000; Buttner et al., 2002; Houghton et al., 2003; Starostin et al., 2005; Austin-
Erickson et al., 2008]. During magma-water interaction heat exchange rapidly converts 
water to steam, generating large pressures that can fragment the magma and quench the 
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 pyroclast textures [Gonnermann and Manga, 2007]. This processes is described in many 
cases of silicic magmas interacting with small bodies of water such as lakes and 
groundwater systems [e.g., Houghton et al., 1985, 1987; Austin-Erikson et al., 2008; Barker et 
al., 2012 (Chapter 3); Rotella et al., 2013a (Chapter 4)] but not much is known about what 
happens where there is a large amount of water above a vent, such as in deep submarine 
eruptions. In this thesis I show that fragmentation of silicic magma varies given differing 
water depths and eruption rates.  
 
1.2.5. Bubble Number Density (BND) Values in Pyroclasts 
 
An integrated record of eruptive conditions, from nucleation to fragmentation and 
quenching, is found in the size distribution and number density of bubbles in erupted 
pyroclasts. It has been suggested on theoretical grounds that relatively high rates of 
decompression (~100 MPa s-1 [Toramaru, 1989, 1995, 2006]) are required to achieve high 
bubble number densities observed in silicic pyroclasts, but experimental evidence does 
not constrain this hypothesis well [Mourtada-Bonnefoi and Laporte, 2004; Scheu et al., 2006, 
2008; Hamada et al., 2010; Gardner and Ketcham, 2011; Gonde et al., 2011; Nowak et al., 2011]. 
In addition, most felsic magmas are inferred to be stored predominantly at pre-eruptive 
pressures of 100-200 MPa [cf. Barker et al., 2013 (Appendix H)] and hence it is difficult to 
see how such decompression rates could be sustained for any period of time longer than 
a few seconds. It has been suggested by Gonnermann and Houghton [2012] that 
decompression rates of ~100 MPa s-1 may only be plausible for very short durations and 
within a short distance of the fragmentation depth, where viscosity may increase 
considerably over short distances due to the exsolution of H2O [e.g., Woods, 1995; Papale, 
1999b; Mastin, 2002; Koyaguchi, 2005; Massol and Koyaguchi, 2005; Melnik et al., 2005]. 
 Estimates of bubble number density are commonly made from 2D analysis of 
backscattered electron images of polished thin sections, and calculated for binned bubble 
diameters thus obtained and converted from 2D to 3D number densities using 
stereological conversion methods [Shea et al., 2010a; Chapter 2]. This method of 
obtaining BNDs will result in some degree of bias due to the inherent (and unavoidable) 
assumption of spherical bubble shapes [Sahagian and Proussevitch, 1998; Shea et al., 2010a]. 
More general estimates of bubble size distributions (BSDs) can be obtained through 3D 
Computed Tomography (CT) scans. This method has proven effective for crystal size 
distribution studies [e.g., Gualda and Rivers, 2006; Pamukcu and Gualda, 2010], permeability 
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 studies [e.g., Okumura et al., 2008; Polacci et al., 2008; Degruyter et al., 2010a, 2010b] and 
bubble studies of basaltic scoria [Song et al., 2001; Polacci et al., 2006, 2009, 2012; Colo et al., 
2010]. However, the technique is not yet capable of confidently resolving very thin glass 
walls present in pumice for large pumice regions at large sample sizes [e.g., Song et al., 
2001; Bai et al., 2008]. The 3D tomographic techniques present a number of limitations in 
studies of highly vesicular, silicic pumice. These include: (1) trade-offs between sample 
volume and bubble size resolution; (2) inability to rectify bubble walls broken by post-
eruptive processes; and (3) computational expense of 3D image analysis [Giachetti et al., 
2011]. Thus, the traditional method of 2D to 3D stereological conversion is employed in 
this thesis. These methods, although labour-intensive, have proven to supply the most 
robust estimates of BSDs for high vesicularity Kermadec dacite to rhyodacite samples.  
 
1.3. Submarine Silicic Volcanism 
 
Subaerial silicic eruptions can be observed relatively safely from a distance, and whole-
deposit data can be collected to infer eruption volumes and dispersal characteristic of 
eruption products [e.g., Rust and Cashman, 2011]. This, however, is not the case for their 
submarine counterparts. Since we cannot witness, or directly sample the products of 
ongoing submarine silicic eruptions, or get adequate whole-deposit data on submarine 
deposits, understanding of these eruptions relies on a variety of indirect approaches, 
including one or more of: 
• Measurements and sampling of in-situ or uplifted deposits [e.g., Fiske and 
Matsuda, 1964; Allen and McPhie, 2000, 2009; Tani et al., 2008; Allen et al., 2010]; 
• Analogue laboratory experiment [e.g., Whitham and Sparks, 1986; Cashman and 
Fiske, 1991; Allen et al., 2008; Stix and Phillips, 2012]; 
• Theoretical and numerical modeling [e.g., Downey and Lentz, 2006; Woods, 2010; 
Stix and Phillips, 2012]; and 
• Analysis of seismic data [e.g., Wright et al., 2008; Watts et al., 2012].  
The resulting interpretations are often complicated by factors such as reworking of 
pyroclasts by ocean currents [e.g., Tani et al., 2008], diagenetic changes in the deposits 
and processes such as erosion, alteration and faulting [e.g., Busby-Spera, 1984]. There are 
additional limitations of cost or techniques available associated with examining and 
sampling in-situ deposits with submersibles [e.g., Halbach et al., 1989; Fiske et al., 2001], 
camera tows [e.g., Binns, 2003], remotely operated vehicles [e.g., Kato, 1987; Allen et al., 
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 2010], drill coring [e.g., Nishimura et al., 1992; Tani et al., 2008], piston coring [e.g., Carey 
and Sigurdsson, 1980; Shane and Wright, 2011] and dredge sampling [e.g., Barker et al., 2012 
(Chapter 3)]. Despite the challenges imposed by a large overlying water column, our 
knowledge of submarine silicic volcanism has improved substantially in the past few 
decades [e.g., Kano, 2003; White et al., 2003; Allen and McPhie, 2009], cultivating a rich area 
for future research. This section reviews the current state of knowledge of some relevant 
aspects of silicic submarine eruption dynamics. 
 
1.3.1. Can Silicic Magma Erupt Explosively (Magmatically) in Deep Water? 
 
The presence of pumice on the seafloor, remote from subaerial sources, implies that 
voluminous pumice-forming submarine eruptions do occur. Their eruptive conditions, 
however, have been the center of much study and debate [e.g., Fiske and Matsuda, 1964; 
Burnham, 1983; Cas et al., 1990; Cashman and Fiske, 1991; White et al., 2003; Wohletz, 2003; 
Downey and Lentz, 2006]. It has been proposed that the pressure imposed by an overlying 
water column would sufficiently suppress volatile expansion such that explosive 
eruptions could not occur in water depths >1 km and generally not in water depth >500 
m [e.g., Cas and Wright, 1987; Cas et al., 1990; Cas, 1992]. Furthermore, pumice has been 
widely perceived as a product only of subaerial or shallow marine eruptions [e.g., Doyle 
and McPhie, 2000], with effusive eruptions generally assumed to dominate in deep-water 
environments and explosive wet-style eruptions in shallow water environments [Stix, 
1991]. Recent exploration of the seafloor, however, has documented deep-water silicic 
calderas and outcrops of deep-sea pumice, many at depths greater than 1000 mbsl along 
the Izu-Bonin arc [Halback et al., 1989; Fiske et al., 2001; Yuasa and Kano, 2003], in the 
Woodlark and eastern Manus basins [Binns, 2003], southern Mariana arc [Bloomer and 
Stern, 2001] and along the Tonga-Kermadec arc [Wright et al., 1998, 2003; Barker et al., 
2012 (Chapter 3)]. In addition, numerical and experimental modeling of explosive 
eruptions suggests that volatile-rich magma can produce explosive eruptions in 
subaqueous settings at pressures beyond that of the critical point of seawater (>~30 
MPa), in water depths greater than ~3 km [Burnham, 1983; Wohletz, 2003; Downey and 
Lentz, 2006; Stix and Philips, 2012], provided that volatile content and discharge rates are 
high enough. Of course, magma-water interaction explosivity can apply at any depth, but 
if this happens, then one would expect to see a difference in the nature of the juvenile 
pyroclasts [cf. Heiken and Wohletz, 1985].  
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 1.3.2. Submarine Silicic Eruption Dynamic Variables 
 
The nature of submarine explosive volcanism has been debated since the early work of 
McBirney [1963], who first recognised the complexities induced by the presence of 
volatiles (namely H2O) in multiple phases (i.e., liquid and gas, not just gas) which can 
readily change state and physical properties of which vary between wide limits at the 
magma-water interface. To complicate matters further, the critical point of seawater 
(407°C at 295.5 bars for 3.2 wt% NaCl [Bischoff and Rosenbauer, 1988]) lies within the 
probable range of temperatures and pressures of submarine volcanic systems [McBirney, 
1963], making modeling submarine eruptions more challenging than their subaerial 
counterparts. Model input ‘eruption source parameters’ have been defined, for example, 
for ten types of subaerial eruptions but none are defined for submarine eruptions in >50 
m water depth [Mastin et al., 2009]. In addition, few theoretical models exist for 
submarine pumice eruptions [e.g., Kano et al., 1996; Downey and Lentz, 2006; Woods, 2010] 
compared to the wealth of data and resulting models for subaerial explosive eruptions. 
Worldwide, most theoretical models for the controls on subaqueous explosive vs. 
effusive activity centre on the balance between the volatile contents (H2O and CO2) in 
the magma vs. water depth [e.g., McBirney, 1963; Head and Wilson, 2003; Wohletz, 2003]. In 
Chapter 5 [Rotella et al., 2013b] I show that eruption rate also plays a large role in the 
eruption style as intermediate eruption rates can give rise to an eruption style which is 
not represented by either of the two previously described end-members. The roles that 
water can play in submarine eruptions varies from it being integral in every aspect of the 
eruption to the condition where eruptions are largely unaffected by the presence of 
water. The four major roles for water in subaqueous eruptions recognised by White et al. 
[2003] are: steam generation, pressure, heat capacity and water rheology. 
 
1.3.2.1. Steam Generation 
 
Steam plays an important role in the thermohydraulic fragmentation of magma [e.g., 
Head and Wilson, 2003], as seen in molten fuel-coolant interactions (MFCI) experiments 
as water flashes to steam [e.g., Colgate and Sigurgeirsson, 1973; Wohletz, 1986; Zimanowski et 
al., 1997; Austin-Erickson et al., 2008]. Steam also plays an important role in the dispersion 
of pyroclasts through density currents [e.g., Fiske and Matsuda, 1964; Sparks et al., 1980a, 
1980b; Cashman and Fiske, 1991; Mueller and White, 1992; White, 2000; Head and Wilson, 
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 2003]. Previous work has shown how steam can support high-temperature gas-supported 
density currents (submarine pyroclastic flows), linked to subaqueously emplaced welded 
ignimbrite [e.g., Kokelaar and Busby, 1992; Schneider et al., 1992; Mandeville et al., 1994; Fritz 
and Stillman, 1996; Kessel and Busby, 2003]. Steam can also provide insulation to hot 
pyroclasts in the form of steam jackets around individual clasts or as cupolas around 
eruption plumes [e.g., Mueller and White, 1992; Busby, 2005]. In the latter case it has been 
proposed that the steam cupola will permit clasts to be deposited while still hot and weld 
in a submarine eruption column or on the seafloor or [e.g., Sparks et al., 1980a, 1980b; 
Gill et al., 1990; Kokelaar and Busby, 1992; Schneider et al., 1992; Fritz and Stillman, 1996; 
White and McPhie, 1997]. Steam may insulate the blebs of foamy magma detached through 
buoyancy forces at the seafloor in a novel intermediate eruption style (termed 
Tangaroan) that I describe in this thesis [Rotella et al., 2013b (Chapter 5)]. 
 
1.3.2.2. Pressure 
 
Silicic magmas contain a significant portion of dissolved volatiles, which, during an 
eruption, become oversaturated and exsolve, resulting in magma foaming and 
fragmentation. The hydrostatic pressure from the overlying water column has been 
argued to play a fundamental role in suppressing the exsolution and expansion of 
magmatic volatiles and therefore in the degree of explosivity that can occur in submarine 
eruptions [e.g., Fisher and Schmincke, 1984; White et al., 2003]. For decades following 
McBirney [1963] it was assumed that when hydrostatic pressure is in excess of the critical 
point of seawater (below ~2200-3000 m depth, depending on salinity), magma/water 
interaction cannot produce steam and thus explosive dynamics are not possible. MFCI 
theory and experiments, however, demonstrate that explosive conditions can still occur 
when water is pressurised above its critical pressure [Wohletz, 2003]. In addition, gum 
rosin-acetone analogue experiments suggest that given a sufficient volatile content (4-6 
wt.% H2O) and rapid decompression and exsolution, magma which is erupted 
subaqueously can fragment in water depths below the critical point [Stix and Phillips, 
2012]. If volatile oversaturation is high and eruption dynamics promote catastrophic 
decompression of magma, a vent may erupt a column of supercritical fluid and magma 
fragments. As I show in Chapter 6 [Rotella et al., in prep] the dynamic pressure acting on 
the submarine plume from the overlying water column would be translated to the 
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 conduit, as the jet would be less able to expand and this effect can be discerned in the 
resulting pumice textures.  
 
1.3.2.3. Heat Capacity and Thermal Conductivity 
 
Seawater has a much higher heat capacity and thermal conductivity than air (4149 J kg-1 
K-1 vs. 1158 J kg-1 K-1 and 0.56 W m-1 K-1 vs. 0.025 W m-1 K-1, respectively [White et al., 
2003]) allowing for very efficient transfer of heat from magma when it comes in direct 
contact with water, and therefore, rapid quenching when compared to magma erupted 
into air. This rapid quenching has an effect on the magma exterior and quench 
granulation can occur, especially in basaltic eruptions [Kokelaar 1986; Schmid et al., 2010]. 
In order for this to occur, though, magma must come in ‘direct’ contact with water in 
order for the heat to be transferred, which is not the case for magma or hot pyroclasts 
with an insulating steam carapace [Kokelaar, 1986; Mueller and White, 1992; Kessel and Busby, 
2003]. Despite the good conductive qualities of steam (27 W m-1 K-1), it has a low heat 
capacity (1039 J kg-1 K-1), which makes it an efficient insulator [White et al., 2003]. 
 
1.3.2.4. Water Rheology 
 
It has been suggested that the much higher viscosity of seawater as compared to air 
causes the eruption jet to mix less efficiently when it enters seawater than it would when 
erupted into air [White et al., 2003], although this assumption does not recognise that 
eruption jets have high Reynolds numbers, where viscosity is of second-order 
importance. Regardless, for explosive (magmatic) submarine eruptions, the gas thrust 
region is expected to behave similarly as it would in subaerial eruptions, except for lesser 
rates of expansion due to the increased ambient pressure [White et al., 2003]. In Chapter 6 
[Rotella et al., in prep] I show that the rheological effects of the overlying water column, 
such as the high-pressure acting on and largely decreasing momentum of the jet, 
influencing the pressure regime of the jet and the resultant pyroclast vesicularity textures. 
This expanded mixture of gas (or supercritical fluid) and pyroclasts has been postulated 
to be isolated from the enclosing water column by its own vapour barrier and by 
momentum [Kano, 2003, Allen and McPhie, 2009]. The dynamics allowing pervasive 
contact of water with magma across a high-velocity jet of large cross-sectional area 
remains unclear [White et al., 2003] and is a topic of interest for future studies. 
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 1.3.3. Subaqueous Silicic Eruption Models 
 
Many studies describe submarine silicic eruption deposits and propose models for their 
generation, and several attempts have been made to classify submarine eruptive styles in 
a manner similar to subaerial styles [Stix, 1991; White, 2000; Kano, 2003, for silicic 
examples]. The differing eruption and emplacement conditions of submarine vs. 
subaerial eruptions, as well as the comparatively limited knowledge we have regarding 
submarine eruption dynamics, makes classification of these deposits challenging. 
Submarine silicic eruptive styles have typically been described as variations of end-
member styles. The explosive end member has been paralleled to subaerial Plinian-like 
eruptions with dry-type magmatic fragmentation occurring within the conduit, and has 
been termed ‘neptunian’ [Allen and McPhie, 2009] or ‘Type 1’ [Kano, 2003]. The effusive 
end-member involves the passive extrusion of magma underwater as domes, with the 
potential to be disturbed explosively (in analogous fashion to subaerial Vulcanian 
explosions) by hydrofracturing [Kano, 1996; Allen and McPhie, 2000; ‘Type 2’ of Kano, 
2003; Allen et al., 2010], or to have fragments of the carapace passively detach through 
buoyancy and float away [Mahood, 1980; Clough et al., 1981; Wilson and Walker, 1985; 
Houghton et al., 2010; Barker et al., 2012 (Chapter 3)]. These end-member subaqueous 
eruption types are reviewed in the following sections and are described in White [2000] 
and Kano [2003], and references therein. In this thesis, however, I use textural 
observations and data for submarine and subaerial erupted pyroclasts to show that 
submarine-erupted pyroclasts do not necessarily fit squarely into two end-member 
eruption styles. Instead, a spectrum of eruption styles is observed, including an 
intermediate eruption style linked to intermediate eruption rates [Rotella et al., 2013b 
(Chapter 5)] as well as ‘neptunian-like’ explosive eruptions with dry-type magmatic 
fragmentation [Rotella et al., in prep (Chapter 6)]. The following sections present a 
summary of the current knowledge of both subaqueous explosive magmatic eruptions 
and dome-related eruptions. 
 
1.3.3.1 Subaqueous Explosive Magmatic Eruptions 
 
 Subaqueous explosive magmatic eruptions are those in which fragmentation of vesicular 
melt reflects the violent disintegration of bubble-rich magma in response to 
decompression, and occurs without significant interaction with the external water 
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 [Cashman et al., 2000]. The components, textures and volumes of submarine deposits 
proposed to be the result of this style imply that these eruptions are similar to subaerial 
dry-type Plinian and sub-Plinian eruptions, albeit with differing eruption plume dynamics 
and deposit characteristics caused by the medium they erupt into [Kano, 2003; Allen and 
McPhie, 2009].  
 Subaqueous explosive magmatic eruption deposits are termed ‘Type 1’ deposits 
by Kano [2003] and ‘neptunian’ by Allen and McPhie [2009] (Figure 1.5). The archetypal 
deposit, as defined by Allen and McPhie [2009], contains three facies; an eruption-fed 
density current deposit with highly vesicular (60-85% vesicularity) clast-supported 
pumice, which is underlain by a coarse lithic breccia, and overlain by laminated ash or 
bimodal ash and giant (>1 m) pumice clasts (Figure 1.5a,b). The deposits are generally 
depleted in fine ash, interpreted to reflect elutriation via hydraulic sorting during what are 
thought be to be water-supported subaqueous pyroclastic flows [Fiske and Matsuda, 1964; 
Stix, 1991; Kano et al., 1996; Downey and Lentz, 2006; Doronzo and Dellino, 2012]. The upper 
bimodal ash and giant pumice facies typically contains upward coarsening of pumice due 
to hydraulic sorting. Hot pumice vesicles contain steam and will remain buoyant as long 
as they retain a significant amount of steam to prevent invasion of water into the 
interiors [Kato, 1987, Kano et al., 1996; Manville et al., 1998]. Upon quenching, the phase 
change from steam to liquid water creates negative pore pressure within the vesicles 
promoting absorption of surrounding water [Whitham and Sparks, 1986; Allen et al., 2008]. 
Therefore larger pumices sink after smaller pumices, which sink after non-vesicular 
material [Manville et al., 1998; Kano and Yoshikawa, 2005]. Allen and McPhie [2009] suggest 
that neptunian eruptions occur in <1300 m water depth for magmas containing 7 wt% 
H2O or <400 m water depth for magmas containing 3 wt% H2O, with deeper vents 
presumed to generate less vesicular pyroclasts and/or effusive eruptions. In addition, 
Allen and McPhie [2009] suggest vents in <200 m water depth generate subaerial 
Phreatoplinan eruption columns, similar to that which gave rise to the Shinjima Pumice 
[Kano et al., 1996, Kano, 2003], but not ‘neptunian’ columns. 
 It has been suggested that the conduit dynamics of subaqueous explosive 
eruptions are similar to their subaerial equivalents [e.g., Kano, 2003 and references 
therein; Allen and McPhie, 2009] but little is known about the submarine eruption ‘plume’ 
dynamics. Previous studies have used experiments on water-saturated pumice [Whitham 
and Sparks, 1986; Cashman and Fiske, 1991; Allen et al., 2008], descriptions of uplifted 
deposits [Kano et al., 1996; Allen and McPhie, 2009] and theoretical models to speculate as  
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Figure 1.5.   Neptunian pyroclastic facies from the (a) Filakopi Pumice Breccia and (b) Mount Read 
Volcanics. (c) Idealized neptunian eruption column model, proposed to occur in 200 – 1300 meters water 
depth. The gas-driven jet rapidly transforms to water-supported collapsing column of waterlogged pumice 
lapilli. Large lithic clasts are too heavy to be entrained in the jet and fall out. Ash and giant pumice clasts 
rise in a warm-water plume. Note that magma fragmentation occurs in the conduit before the pyroclasts 
enter the marine realm, in similar fashion to ‘dry-type’ eruptions. From Allen and McPhie [2009]. 
 
to the nature of subaqueous plume and fallout dynamics for eruptions in which the 
eruption does not breach the water/atmosphere interface. In these studies, submarine 
explosive eruptions are proposed to have a low and wide basal gas-decompression-driven 
thrust region [Kokelaar and Busby, 1992], a turbulent ‘plume’ region where the gas-particle 
mixture ingests ambient water, a buoyancy-driven water convection region, and an 
umbrella region at the water surface, similar to subaerial Plinian eruptions [Kano et al., 
1996; Kano, 2003; Allen and McPhie, 2009]. The confining pressure is suggested to limit the 
jet height, by up to one half or one third, for a vent at 200 mbsl compared to a subaerial 
vent [Kano et al., 1996]. Ingestion of water into the turbulent plume region is shown to 
efficiently extract heat from the steam-filled pyroclasts, causing the steam to condense 
and therefore external water to be ingested, increasing clast densities [Allen et al., 2008]. 
Entrainment of the water filled pyroclasts in the buoyant plume (being warmer than the 
surrounding water) would subsequently occur until the mixture eventually collapses 
forming a density current [Allen and McPhie, 2009]. This interpretation, however, implies 
that pumice is completely permeable, which I show is not necessarily the case in Chapter 
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 6 [Rotella et al., in prep] where deep submarine-erupted pyroclasts tend to have thicker 
bubbles walls than their subaerially-erupted counterparts, making them comparatively 
less permeable. It is proposed that for eruptions which breach the water/atmosphere 
interface (such as the Sandy Bay Tephra, Macauley volcano) hot steam-filled pyroclasts 
would be able to cool in the atmosphere and ingest air instead of water, therefore giving 
them the potential to stay afloat for long periods of time before water-logging and 
sinking [Whitham and Sparks, 1986; Manville et al., 1998]. My research uses the quantitative 
assessment of vesicularity textures of explosively-erupted deep submarine pumice to 
address how the water column affects the eruption dynamics, and hints at the nature of 
the pressure/energy exchange in the conduit and jet regions [Rotella et al., in prep 
(Chapter 6)]. However, with the sample suite available to me and due to the sampling 
methods available, I do not attempt to explain the complexities of the overall plume 
dynamics, or fall-out and eventual deposition of the pumice. 
 Submarine explosive magmatic eruption deposits have been found in-situ or 
uplifted and exposed on land in numerous locations worldwide. Drilling of a 1000 m 
deep part of the Shichito-Iwojima Ridge in the Izu Bonin arc (Ocean Drilling Program 
site 778), intersected a 250 m thick sequence of 20-50 m thick inversely graded beds 
presumed to have originated from a caldera more than 30 km away [Nishimura et al., 
1992]. Submersible observations have been made of a 200-300 m thick pumice sequence 
from the 1400 m deep Myojin Knoll caldera, Izu-Bonin arc, assumed to be the product 
of a caldera-related eruption of >40 km3 of pumiceous tephra [Fiske et al., 2001]. Drilling 
on Shinjima Island, near Sakurajima, Japan, shows pumice beds at 100-140 m water 
depth, interpreted as a subaqueous pyroclastic flow deposit. The eruption column is 
thought to have collapsed in water and the deposits are described as showing features of 
high-density turbidites [Kano et al., 1996; Kano, 2003]. Manned submersible and ROV 
dives as well as deep-tow camera sled and dredge sampling of Sumisu volcano, in Japan, 
show evidence for an eruption of up to 50 km3 of rhyolite tephra from a caldera with a 
floor at 900 mbsl [Tani et al., 2008]. Examples of uplifted deposits include the Filakopi 
Pumice Breccia in Greece [Stewart and McPhie, 2004], Mount Read Volcanics in Australia 
[McPhie and Allen, 2003] and Efate Pumice Formation in the Vanuatu arc [Raos and 
McPhie, 2003], among others [Kano, 2003; Allen and McPhie, 2009 and references therein]. 
 Explosive magmatic fragmentation deposits from high-temperature gas-
supported submarine density currents have also been described and are linked to 
subaqueously emplaced welded ignimbrite [e.g., Busby-Spera, 1986; Kokelaar and Busby, 
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 1992; Schneider et al., 1992; Fritz and Stillman, 1996; White, 2000; Kessel and Busby, 2003]. 
During eruption, it is envisaged that interaction with surrounding seawater is restricted 
by the stripping of exterior low-particle concentration zones and by a transient vapour 
barrier surrounding the flow (Figure 1.6) [Kokelaar, 1983; Kokelaar and Busby, 1992]. 
Evidence of gas-supported submarine density currents from explosive magmatic 
eruptions has been identified in deposits from several locations and ages worldwide (e.g., 
Lesser Antilles [Sparks et al., 1980a, 1980b], France and Turkey [Schneider et al., 1992], 
Ireland [Fritz and Stillman, 1996]), although there is ambiguity in the interpretation of 
these deposits [e.g., Orton, 1991]. It must be noted that in this thesis I focus on the 
submarine equivalents of subaerial pyroclastic fall deposits [e.g., Cashman and Fiske, 1991; 
Kano, 2003; Allen and McPhie, 2009]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6. Schematic eruption model 
for submarine gas-supported 
pyroclastic flows from Kokelaar and 
Busby [1992]. Deposition is from a high 
temperature, high particle 
concentration, high mass discharge, 
gas-supported density current in which 
water is excluded. Not to scale. 
 
 
 
1.3.3.2. Subaqueous Dome-Related Eruptions 
  
Effusive silicic eruptions are considered to occur where magmas have undergone 
substantial degassing through slow ascent, or (specifically in the marine realm) are 
erupted at depths equivalent to pressures above the critical point of seawater [e.g., 
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 Eichelberger et al., 1986; Mueller et al., 2005]. Subaqueously erupted pyroclasts originating 
from dome material have  
been found to display features reflecting degassing and slow ascent, such as high 
microlite and/or crystal contents, degassed bubble textures, and intermediate 
vesicularities [Houghton et al., 2003, 2010; Wright et al., 2007; Allen et al., 2010; Rotella et al., 
2013a (Chapter 4)]. The disruption of subaqueous domes to produce fragmental material 
can occur through explosive disintegration through hydroclastic fragmentation (i.e., the 
submarine analogue to Vulcanian explosions [Kano, 1996]), or by passive detachment and 
pyroclast dispersal by floatation [Mahood, 1980; Clough et al., 1981]. The deposits of 
subaqueous dome-forming eruptions, as such, can vary widely  [White et al., 2003] and are 
described below. 
 
Disintegration of Dome Material  
The disintegration of submarine domes is proposed to occur by water being drawn into 
the hot lava via thermal contraction fractures, causing phreatomagmatic explosions 
[Colgate and Sigurgeirsson, 1973; Wohletz, 1983]. Upon contact with the hot lava, the water 
flashes to steam in a fashion similar to molten fuel coolant interaction experiments 
[Sheridan and Wohletz, 1983; Wohletz, 1983, 1986, 2003; Zimanowski et al., 1997; Austin-
Erickson et al., 2008]. This process shatters the dome (or its carapace) into breccia as the 
dome grows [White et al., 2003]. Several models have been proposed for the 
disintegration of degassed magma in submarine environments, largely arising from 
descriptions of submarine in-situ or uplifted deposits, and each calling upon a similar 
mechanism of explosive dome or degassed magma disintegration. These models are 
some variation (or combination) of Vulcanian-like explosion [e.g., Fink and Manley, 1989; 
Kano 1996, 2003], explosive phreatomagmatic magma-water interaction [e.g., Cas et al., 
1990; Fiske et al., 1998; Allen and McPhie, 2000] or syn-eruptive, non-explosive dome 
collapse [e.g., Kano, 1991, 2003]. Several examples are discussed briefly below. 
 Allen et al. [2010] investigated the clastic material from submarine rhyolite domes 
at the Sumisu volcanic complex (Izu-Bonin arc) to propose a model for which water 
depth plays a central role in the eruption dynamics and resulting products (Figure 1.7). In 
their model, at <500 mbsl pyroclast formation occurs due to spalling of dome material 
through vent-derived weak volatile-driven pyroclastic explosions. These spalled pumice 
clasts remain hot after fragmentation and rise buoyantly, and once cooled settle to the 
seafloor largely intact, forming an apron on the seafloor of blocky, rough textured clasts  
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Figure 1.7. Dome eruption styles for 
water-rich rhyolite in (a) shallow and 
(b) deep submarine settings (from Allen 
et al. [2010]). (a): At depths <500 m, 
discrete, weak, pyroclastic eruptions 
generate a range of pumice clast sizes 
that, once cool, settle through the water 
column. (b): At depths > 500 m, a 
pumiceous vesiculated magma carapace 
forms on the dome that breaks apart 
during dome growth. 1-Cooled giant 
pumice; 2-in-situ pumiceous carapace; 
3-giant pumice slab; 4-possible 
hydrovolcanic explosions. 
 
 
with quenched margins, wrinkle-cracked surfaces with quench fractures and what they 
describe as ‘coarse vesicles’ [Allen et al., 2010]. At >500 mbsl, eruptions are proposed to 
be largely non-explosive with discrete, weak hydrovolcanic explosions [Allen et al., 2010]. 
Dome carapace material occurs as giant polyhedral blocks (metres to tens of metres) with 
smooth curviplanar surfaces and a single quenched margin which can be disintegrated by 
quench fracture and mechanical failure [Allen et al., 2010]. Vesicles in the carapace are 
described as elongate parallel to the quenched margins, with woody appearance [Kato, 
1987]. The dome interior, as shown in their model (Figure 1.7) is proposed to be non-
vesicular with only its carapace being vesicular [Allen et al., 2010]. Unfortunately, no clast 
images and/or textural measurements were reported, therefore it is difficult to compare 
these clasts to those measured as part of this thesis [Rotella et al., 2013a (Chapter 4), 
2013b (Chapter 5), in prep (Chapter 6)]. 
 Volatile-driven Vulcanian-like eruptions have been linked to subaqueous dome 
eruptions, in which silicic magma slowly effuses into water and a lava dome grows over 
the vent, or the conduit becomes plugged with the solidified magma [Kano, 2003]. In 
both cases, explosive eruptions are attributed to the formation of a highly pressurised gas 
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 pocket beneath the lava crust or plug by accumulation of the gas exsolved from the 
magma [Fink and Manley, 1987, 1989] which explodes, ejecting pumice blocks and 
significant amounts of  
non- to poorly-vesicular lava clasts [Kano, 2003]. A model for this type of dome 
disruption was proposed by Kano [1996] after investigation of uplifted submarine 
volcaniclastic deposits on the Shimane Peninsula, SW Japan. Kano [1996] described a bed 
of ‘highly- to extremely-vesiculated’ pumice blocks and lapilli interspersed with non- to 
poorly-vesiculated lapilli in a fines-poor sequence, and interpreted them as the product of 
a deep submarine, explosive eruption of vesicular magma or explosive collapse of lava 
(Figure 1.8). These deposits were later classified as products of Vulcanian eruptions 
through a pumiceous dome with associated mass flows of coarse pumice [Kano, 2003], 
although evidence from pumice textures (i.e., microlites and degassed bubbles, 
characteristic of dome carapace material) is not shown to justify this interpretation. 
 Phreatomagmatic interaction of magma and water and resulting dome explosions 
(sometimes referred to as ‘dome-top explosions’) have been proposed to generate 
pyroclasts in several examples. The 1952-1953 shallow submarine Myojin-sho eruption in 
Japan  [Fiske et al., 1998] and Devonian Bunga Beds in SE Australia [Cas et al., 1990] are 
attributed to dome-top explosions by magma water interaction [Kano, 2003]. Ash shards 
from these types of eruptions are commonly blocky and equant with curviplanar 
surfaces, diagnostic of explosive magma-water interaction [Heiken, 1972; Wohletz, 1983; 
Heiken and Wohletz, 1985]. Bedded pumice breccia deposits at Yali volcano, Greece, are 
interpreted to reflect alternating phases of lava effusion and explosive phreatomagmatic 
activity (Figure 1.9) [Allen and McPhie, 2000]. The thinly bedded, fines-poor beds with 
 
 
 
 
Figure 1.8. A 
model for (a) 
Vulcanian-like 
subaqueous 
explosion of 
vesicular magma 
or explosive 
collapse of lava to 
generate (b) a 
coarse-grained 
mass flow at the 
Shimane 
Peninsula, Japan. 
Not to scale. 
From Kano [1996].   
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Figure 1.9. Schematic representation 
of the eruption style described by 
Allen and McPhie [2000] for the Yali 
pumice breccia, involving periods of 
effusive and explosive activity. (a) 
Effusive phase creating a small 
volume (tens of cubic meters) of lava 
with a vesiculated and fragmented 
outer carapace. (1) Large pumice 
clasts, often >1 m across, spall from 
the vesicular exterior, the surfaces 
quench in contact with water, and 
they rise to levels of neutral 
buoyancy. The buoyant clasts are 
transported a short distance by wind 
and/or water currents before 
becoming waterlogged and settling to 
the seafloor. (2) Some coarse pumice 
clasts explode when water penetrates 
their hot interiors and is flashed to 
steam. (b) Explosive 
phreatomagmatic phase creating an 
unstable apron of smaller pumice 
clasts that is subjected to down slope 
resedimentation by gravity flows.  
 
 
 
low-vesicularity clasts are attributed to phreatomagmatic explosions through a lava dome 
and subsequent resedimentation down slope by water supported gravity flows [Allen and 
McPhie, 2000] (Figure 1.9b). Coarser beds consist of massive pumice breccias or blocks 
with quenched margins and internal polyhedral joints, interpreted to arise from spalling 
of submarine lava (Figure 1.9a). 
 
Passive Detachment and Floating of Dome Material  
Deposits of floated dome carapace pumice have been identified in several locations 
worldwide. These deposits were first described in detail by Mahood [1980] and Clough et al. 
[1981] in Quaternary deposits at La Primavera volcano (Mexico), but has also been 
described at Taupo volcano, New Zealand [Wilson and Walker, 1985; Houghton et al., 2003; 
Houghton et al., 2010] and at Raoul volcano on the Kermadec arc [Barker et al., 2012 
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 (Chapter 3)]. At these locations, moderately vesicular pumiceous material is enclosed 
within lacustrine sediments, slightly compacting underlying material, and is draped by 
overlying sediments (Figures 1.10 and 1.11). The pumiceous clasts are interpreted to have 
been passively detached from a subaqueous dome and dispersed while floating at the 
water surface by currents and waves before running aground at the shoreline or sinking 
[Mahood, 1980; Clough et al., 1981] (Figure 1.12). Similar-type eruptions occurred in 1952-
1957 at Tuluman volcano in the northern Bismarck Sea [Reynolds et al., 1980; Johnson et al., 
1981] and at Taupo volcano, New Zealand, from the dome-forming phase of the 232 
AD eruption (Figure 1.10) [Wilson and Walker, 1985; Houghton et al., 2003, 2010]. 
Vesicularity textures of the Taupo material show evidence for degassing, such as 
moderate vesicularity (average ~60%) with deflated bubble shapes and high microlite 
 
 
Figure 1.10. Giant pumice block enclosed within subhorizontal lake sediments from the 181 AD eruption 
of Taupo volcano, New Zealand. Note the cooling contraction joints developed normal to the clast margin 
at right. From Wilson and Walker [1985]. 
 
 
 
 
 
 
 
 
 
 
Figure 1.11. Field sketch showing disturbed 
and contorted lake sediments with blocks of 
giant pumice at La Primavera volcano 
(Mexico). Some blocks show cooling joints 
normal to their margins. Scale bar at right is 
5 meters. From Clough et al. [1981]. 
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Figure 1.12. Schematic stratigraphic (a) section and explanatory eruption model (b) for the La Primavera 
giant pumice horizon, Mexico. From Mahood [1980]. 
 
 
 
contents [Houghton et al., 2003, 2010; Rotella et al., 2013b (Chapter 5)] (Figure 1.13).  In 
this thesis I show that similar deposits and clast characteristics are also found in 
lacustrine sediments at Raoul volcano (the Green Lake floated pumice) [Barker et al., 2012 
(Chapter 3); Rotella et al., 2013a (Chapter 4)] and are inferred to have been erupted and 
emplaced in similar fashion to those described above. Textural analyses of Green Lake 
floated pumice and comparator floated pumice from Taupo is presented in Chapter 4 
[Rotella et al., 2013a]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13. Backscattered electron 
image of a fragment of the 181 AD 
Taupo floated dome carapace 
showing deflated bubbles (black) and 
crystal and microlite content (grey). 
Image is taken at 150x magnification, 
scale bar is 100 µm. From Rotella et 
al. [2013b, (Chapter 5)].   
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 1.3.3.3. Intermediate Eruption Styles in the Submarine Environment? 
 
In some cases, both in literature descriptions, and in the examples presented in this 
thesis, silicic pyroclasts in the submarine environment cannot be clearly attributed to the 
end-member dome-forming or explosive (neptunian [Allen and McPhie, 2009]) eruption 
styles. In many of these cases highly vesicular pumice occurs in outcrops far from 
possible eruptive sources, or are witnessed erupting in a peculiar manner, and/or pumice 
textures preclude them from being attributed to a purely explosive or dome-like 
eruption.  
 The end-member explosive (Plinian-like) and effusive (dome-related) styles 
described in the previous sections are largely based on descriptive observations applied 
to facies interpretations. In this thesis I take a different approach and apply the 
quantitative methods of pyroclast vesicularity and textural analysis used to understand 
fragmentation and eruption dynamics of subaerial silicic eruptions, in order to better 
understand processes occurring in subaqueous silicic eruptions. Results from this PhD 
study show that submarine silicic eruption styles cannot be limited to end-members styles 
of (1) magmatic-volatile-driven explosive Plinian-like or (2) effusive dome-related 
eruptions. One major finding of this research is of an intermediate eruptive style 
eruption, herein termed ‘Tangaroan’, which is described in Rotella et al. [2013b (Chapter 
5)] in which moderate eruption-rate gives rise to passive detachment of non-degassed 
foamy (~60% vesicularity, 0.95 g/cm3 density) magma at vent through buoyancy forces 
[Rotella et al., 2013b (Chapter 5)]. This eruptive style is likely not a phenomena localised to 
Macauley volcano on the Kermadec arc as deposits have potentially been described 
worldwide. For example, deposits of highly vesicular (~90%) silicic pumice have been 
found in the extensional tectonic environments of the Eastern Manus Basin and 
Woodlark Basin near Papua New Guinea, far from possible eruptive sources on narrow 
ridges or immersed in hemipelagic oozes [Binns, 2003]. A more definitive example of the 
Tangaroan eruption style may be seen in the ‘pumice balloon’ deposit as observed via 
submersible dives at the West Rota volcano in the Marianas arc, where near neutrally 
buoyant clasts were discovered by Remotely Operated Vehicle (ROV) on the seafloor 
[Stern et al., 2008] (Figure 1.14).  
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Figure 1.14. Photographs of ‘pumice balloons’ observed at the top of a submarine pyroclastic succession 
at West Rota volcano, Marianas arc [Stern et al., 2008]. Images were taken between 667 and 749 meters 
below sea level. Note the radial columnar internal structure of the pumice balloon in (a). 
 
 
 
1.4. Geologic Background to this Thesis 
  
The Tonga-Kermadec arc (Figure 1.15) presents an excellent opportunity to investigate 
the processes of submarine explosive silicic volcanism, as it contains volcanoes of similar 
age that have erupted chemically similar magmas at differing water depths [e.g., Smith et  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.15. Regional 
tectonic setting of the 
Kermadec arc. Relative 
Pacific-Australian plate 
motions (mm/yr) shown by 
arrows are from DeMets et al. 
[1994]. Dark grey triangles 
represent basaltic to andesite 
volcanoes and light grey 
circles represent silicic 
caldera volcanoes. The 
volcanoes which are the 
focus of this study are in 
larger font. 
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al., 2003a, 2003b, 2006; Wright et al., 2006; Graham et al., 2008]. The Tonga-Kermadec arc 
extends ~2500 km northeast from the North Island of New Zealand, and results from 
subduction of the Pacific plate beneath the Indo-Australian plate [Smith and Price, 2006, 
for overview]. The intersection with the Louisville Ridge separates the Tonga (northern) 
and Kermadec (southern) segments of the arc (Figure 1.15). The Kermadec volcanoes 
are dominantly basaltic to basaltic-andesite cones. Recent work, however, has shown that 
many of the volcanoes include dacite-rhyolite compositions and are associated with 
caldera collapse [e.g., Wright et al., 2006]. This study focuses on five volcanoes along the 
Kermadec arc; the subaerial Raoul volcano [Rotella et al., 2013a (Chapter 4)], the 
moderately shallow-marine Macauley volcano [Rotella et al., 2013b (Chapter 5), in prep 
(Chapter 6)] and the deep-marine Healy, Raoul SW and Havre volcanoes [Rotella et al., in 
prep (Chapter 6)] (Figure 1.15). Despite its remote location in the Southwest Pacific, 
frequent episodes of eruptive activity have been witnessed from various volcanoes along 
the Kermadec arc and many more are evident in the geologic record of Raoul and 
Macauley Islands. A summary of the historic witnessed or reported eruptive activity on 
the Kermadec arc is given in Table 1.1. 
 
1.4.1. Raoul Volcano 
 
The Kermadec arc volcanoes are almost entirely submarine, with the ~30 km2 Raoul 
Island being the largest emergent portion of any of the volcanoes (Figure 1.16). Raoul 
volcano is a >200 km3 edifice which rises 900 m from its basal level on the Kermadec 
ridge. The subaerial edifice is dominantly basalt to basaltic andesite in composition, but 
over the last 4,000 years there has been a shift to dominantly explosive dacite eruptions, 
associated with the development of two calderas [e.g., Lloyd and Nathan, 1981; Barker et 
al., 2012 (Chapter 3), 2012b (Appendix H)]. The subaerial exposures allow for detailed 
sampling of the pumice deposits (Table 1.2) [e.g. Lloyd and Nathan, 1981; Worthington et al., 
1999; Smith et al., 2006; Barker et al., 2012 (Chapter 3)] (Figure 1.16) which are the focus 
of Chapters 3 [Barker et al., 2012] and 4 [Rotella et al., 2013a], and are used as a 
comparative dataset in Chapters 5 [Rotella et al., 2013b] and 6 [Rotella et al., in prep]. The 
first investigations of Raoul Island’s geology and volcanology were by Smith [1887, 1888, 
1896] and Oliver [1911], followed by examinations of collected rocks by Speight [1896, 
1910] and Thomas [1888] and a review of its volcanology by Thomson [1926]. Wright and 
Metson [1959] further contributed to the knowledge of the volcanic tephras in their 
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Figure 1.16.  Seafloor bathymetry and dredge locations (labelled red lines) for Raoul and Raoul SW 
volcanoes, from NIWA [2007]. Caldera floor at Raoul SW is at ~1200 mbsl. Inset shows locations of  samples 
taken from Raoul Island.
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 Table 1.2.  Stratigraphy of Raoul Island volcanics. Modified from Lloyd and Nathan [1981].  
Formation Age (ka) Source Eruption Description 
 
Ngaio  Group       
2006 Breccia  Raoul Phreatic 
1964 Breccia  Raoul  Phreatic 
1870 Breccia  Raoul  Phreatic 
Smith Breccia 0.18 Raoul  Phreatic 
Tui Breccia (0.28) Raoul  Phreatic 
Sentinel  0.28 Denham  Small pumiceous dacite 
Rangitahua 0.37 Raoul  Small pumiceous dacite, initially phreatic  
Meyer (0.5) Meyer Is.  Small scoriaceous basaltic andesite 
Expedition  1.1 Raoul  Phreatic 
Pukekohu  (1.25) Raoul  Phreatic 
Green Lake  1.4 Raoul  Medium pumiceous dacite, cone building 
Rayner (1.55) Raoul  Small pumiceous dacite 
Judith (1.85) Raoul  Medium scoriaceous basaltic andesite 
Bell  (2.05) Denham  Small pumiceous dacite 
Fleetwood 2.2 Denham  Voluminous pumiceous dacite & PDC 
Oneraki 3.15 Raoul  Large pumiceous dacite & PDC 
Matatirohia 3.7 Raoul  Large pumiceous dacite & PDC 
  
     
Older  format ions  Description   
Moumoukai (4-10) Basaltic andesite flows and pyroclastic deposits. Formed a strato-cone 
near the present site of Raoul caldera. 
Hutchison (50-100) Basaltic andesite flows, debris flows, fall and PDC deposits.  
   Built a strato-cone near the present site of Denham caldera. 
D’Arcy (100-200) Basalt and basaltic andesite flows with inter-bedded PDC deposits. 
   Formed a shield-like volcanic edifice near Sunshine Valley 
Boat Cove 600-1400 Pillow basalt, hyaloclasite and calcareous sediments. Possibly formed 
stratocones. 
Ages for Ngaio Group tephras determined by 14C age dating and for Boat Cove Formation using K-Ar 
age dating [Lloyd and Nathan, 1981]. Ages in brackets were determined allowing for pelaeosole 
thickness between known age determinations [Lloyd and Nathan, 1981]. PDC is pyroclastic density 
currents. The eruptions included in this study are underlined and in bold font. 
 
 
 
detailed soil survey, and after a brief seven day visit in 1962, Brothers and Searle [1970a] 
prepared a small-scale geologic map in which the mapable rock units were given names, 
described petrographically and analysed geochemically [Ewart et al., 1977]. This work 
served as the framework for the larger geologic study of Raoul Island undertaken by 
Lloyd and Nathan [1981], who, after nine weeks on Raoul in 1976, created a revised 
geological map, and stratigraphy and chronology of the younger tephra deposits, 
representing the most recent detailed geological study to date. A brief account of the 
1964 phreatic eruption was made by Healy et al. [1965] after a 10-day visit following the 
eruption. Descriptions of associated seismicity and geochemistry can be found in Adams 
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 and Dibble [1967] and Weissburg and Sarbutt [1966], respectively. The extent of the offshore 
Denham Bay caldera was mapped using a compilation of bathymetric, seismic and 
magnetic survey data (from 1979 to 1993) of Denham Bay and the surrounding western 
flanks of the volcano, and showed a 6.5 x 4 km collapse caldera at over 300 m deep 
[Worthington et al., 1999]. A detailed study of the hydrothermal system was made by Graaf 
[2006], at which time some sampling of the dacitic eruptive units was undertaken by 
C.J.N. Wilson [this study; unpublished data]. 
 Samples from Raoul Island for this study were collected during two research 
voyages of the R.V. Tangaroa in 2004 and 2007 (NZAPLUME III and TAN0706 cruises 
respectively) from the deposits of six silicic eruptions (Figure 1.16) Each of these 
eruptions involved crystal-poor dacites of similar chemistry (66.5-69.5 wt. % SiO2: Barker 
et al., [2012 (Chapter 3), 2013 (Appendix H)]) but vary in size, eruption style and degrees 
of interaction with external water (Table 1.2). Five of these deposits are linked to the 
eruptive stratigraphy of Lloyd and Nathan [1981], and the sixth is newly described in 
Barker et al. [2012 (Chapter 3)]. Fall deposits of the three large sub-Plinian to Plinian 
eruptions were sampled from coastal exposures at differing stratigraphic intervals. The 
products of the three smaller eruptions were sampled from within Raoul caldera. See 
Chapter 3 [Barker et al., 2012] for further details of sampling, whole rock chemistry and 
clast density and angularity measurements, and Barker et al. [2013 (Appendix H)] for the 
detailed geochemistry and petrology for Raoul samples. 
 
1.4.2. Raoul SW Volcano 
  
Raoul SW volcano was serendipitously discovered in 2007 during the TAN0706 research 
voyage of the R.V. Tangaroa by EM300 multibeam mapping [NIWA, 2007; Barker et al., 
2012 (Chapter 3)]. Raoul SW volcano is ~20 km southwest of Raoul Island. It has a 
caldera with a diameter of ~4 km and a floor depth of 1200 m below sea level (Figure 
1.16). The caldera truncates the summit of a larger edifice that extends SE beyond the 
limits of the area surveyed. Samples were collected during two opportunistic dredges of 
the caldera rim and floor (Figure 1.16) and consist of exceedingly fresh, highly vesicular 
pumice. The pristine morphology of Raoul SW volcano and the fresh appearance of the 
pumice suggest that this has been the site of recent volcanism. See Chapter 3 [Barker et 
al., 2012] for sample information, whole rock chemistry and clast density and angularity 
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 measurements, and Barker et al. [2013 (Appendix H)] for the geochemistry and petrology 
of Raoul SW pumices.  
 
1.4.3. Macauley Volcano 
 
Macauley Island is the 3 km2 emergent portion of a large submarine volcano with an area 
of ~380 km2 at the 900 m isobath [Lloyd et al., 1996] (Figure 1.17). The oldest rocks on 
the island are basaltic lavas and pyroclastic deposits which are overlain by up to 100 m of 
non-welded dacitic Sandy Bay Tephra, dated at 6.3 14C ka [Lloyd et al., 1996] which are in 
turn overlain by more basaltic pyroclastic deposits and lava. Volume estimates of the  
 
Figure 1.17. Seafloor bathymetry and dredge locations (labelled red lines) for Macauley volcano, from 
NIWA [2007]. Only dredges for which pumice was recovered are shown. Caldera floor is at ~1100 mbsl. 
See Figure 1.18 for sample locations on Macauley Island. 
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 Sandy Bay Tephra range from 1-5 km3 to 100 km3 [Latter et al., 1992; Lloyd et al., 1996;  
Shane and Wright, 2011], but there is little control on this figure. Macauley caldera is ~11 x 
8 km, and reaches a maximum depth of ~1100 m below sea level. Caldera formation has 
been linked to the Sandy Bay Tephra eruption [Lloyd et al., 1996; Smith et al. 2003b; Wright 
et al., 2006], but the caldera is inferred by Barker et al. [2012 (Chapter 3)] to be a 
composite feature.  
 The geology of Macauley Island was first described by Smith [1888] and later 
briefly described by Oliver [1911]. Petrographic descriptions of rock samples collected 
were conducted by Thomas [1888] and Speight [1896] and later by Brothers and Martin [1970] 
and Ewart et al. [1977]. A several-week expedition of Macauley Island in 1966 resulted in 
the first detailed account of the stratigraphy, petrography and geochemistry [Brothers and 
Searle, 1970b]. A 12-day expedition resulted in a revised geological map and 
reinterpretation of the volcanic history of Macauley volcano by Lloyd et al. [1996] using 
both onshore geology and bathymetric investigations. A 5-day expedition in 1993 
resulted in a detailed account of its petrology and geochemistry [Smith et al., 2003b]. 
Samples for this study were collected during a 3-day expedition in 2007 as part of the 
TAN0706 research voyage of the R.V. Tangaroa at four sites along the east coast of 
Macauley Island (Figure 1.18), and dredged from eight sites on the submarine caldera rim 
and outer flanks (Figure 1.17). See Chapter 3 [Barker et al., 2012] for further details 
pertaining to sampling, whole rock chemistry and clast density and angularity analyses. 
See Barker et al. [2013 (Appendix H)] for geochemistry and petrology for Macauley 
pumices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.18. Map of 
Macauley Island showing 
the location of four sample 
sites (red stars). Geological 
interpretation is from Smith 
et al. [2003b]. 
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 1.4.4. Havre Volcano 
 
Havre volcano is a wholly submerged silicic (67-71 wt. % SiO2) caldera capping a 1 km 
high edifice [Wright et al., 2006], similar to Healy and Brothers calderas. The caldera is ~3 
km wide with walls rising 540 m above the 1520 m deep floor (Figure 1.19). Previous 
work shows the caldera walls are extensively modified by slumps to ~1 km wide with 
associated toe deposits distributed on the caldera floor [Wright et al., 2006]. At the time of 
writing, EM300 multibeam mapping of Havre volcano was not available, but collection 
of this data was undertaken as part of a NIWA voyage in October 2012.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.19. Bathymetry and synoptic 
volcanic geology of Havre volcano 
[modified from Wright et al., 2006]. 
 
 
 Havre volcano was not a subject of this PhD thesis until August 2012 when a 
~185 km x 65 km floating pumice raft was identified by aircraft and sampled by passing 
ships. The first reported pumice raft sightings was made by crew on an Air New Zealand 
flight travelling between Tonga and Auckland on the 4th of August 2012. The Captain 
noted unusual colouration on the ocean’s surface (Figure 1.20) but this was dismissed as  
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Figure 1.20. Photos taken during an Air New Zealand flight from Tonga to Auckland on 4 August 2012. 
Arrows point to pumice from the Havre pumice raft Photos taken at 29°52.5’S, 179°49.5’E from 35,000 
feet elevation, courtesy of Frans Heere. 
 
 
being a phytoplankton bloom [H. Bostock, pers. comm.]. NASA satellite images (Figure 
1.21) confirm an eruption occurring on 18 and 19 July 2012 near the vicinity of Havre 
volcano [NASA Earth Observatory, 2012], coincident with a short seismic swarm recorded  
 
 
 
 
Figure 1.21. Image taken on 18 July 2012 showing a subaerial steam plume located above Havre volcano, 
discoloured (light blue) water and associated pumice raft. Image courtesy of the NASA Earth Observatory 
[2012].  
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 on the Polynesian Network on 17-18 July, 2012. Moderate Resolution Imaging 
Spectroradiometer (MODIS) Terra satellite imagery taken by NASA at night on 18 July 
2012 detected a steam plume originating from a sea surface thermal hot spot (22-23°C) at 
31°7’S 179°12’W among average sea surface temperatures of 17-18°C (see Rotella et al. [in 
prep, Chapter 6]) [NASA Earth Observatory, 2012; Universite Libre de Bruxelles, 2012]. 
Preliminary geochemical data for pumices collected from the raft by crew of the 
HMNZS Canterbury show compositions similar to clasts dredged from Havre in 2002 on 
R.V. Tangaroa voyage TAN0205 [Wright et al., 2006; Rotella et al., [in prep, (Chapter 6); 
Appendix E]. As pumice from this raft is undeniably juvenile material from an explosive 
deep submarine eruption, the limited amount of data that could be collected in timely 
fashion is used to directly compare to Healy Macauley, and Raoul SW submarine erupted 
pyroclasts [Rotella et al., in prep (Chapter 6)]. 
 
1.4.5. Healy Volcano 
 
Healy volcano is a wholly submerged composite structure consisting of an edifice to the 
SW at 1150 m water depth and a caldera on the NE mid-lower flanks [Wright and Gamble, 
1999; Wright et al., 2003] (Figure 1.22). The caldera is ~2-2.5 km wide with walls rising 
250-400 m above the ~1700 m deep floor. Unlike Raoul and Raoul SW volcanoes, Healy 
volcano lies slightly to the west of the Kermadec Ridge (Figure 1.15) and is intersected 
by a series of NE/SW trending lineations of ridges and cones, one of which runs down 
the eastern side of the volcanic complex following the caldera rim (Figure 1.22). These 
lineations can be traced further south and north beyond the adjacent Brothers volcano, 
and lie along the same trend as the summit truncation to the SE of Raoul SW volcano [de 
Ronde et al., 2005; Wysoczanski et al., 2012]. Previous work at Healy volcano, including 
sidescan imagery and dredge sampling, shows the outer flanks, caldera floor and walls, 
and main edifice are mantled with pumice deposits distributed over >50 km² [Wright, 
1997, 2001; Wright and Gamble, 1999; Wright et al., 2003]. The presence of the caldera and 
widespread pyroclastic deposits led Wright et al. [2003, 2006] to suggest that a large recent 
eruption produced 10-15 km³ of pyroclastic material and was associated with caldera 
collapse. There are no reported or witnessed eruptions from the area near Healy volcano. 
Samples for this study were collected in 2007 during the TAN0706 research voyage of 
the R.V. Tangaroa from 12 dredge sites along the NW and SE caldera rim and outer 
flanks as well as the caldera floor and adjacent volcanic edifice to the SW (Figure 1.22). 
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 See Chapter 3 [Barker et al., 2012] for sample information, whole rock chemistry and clast 
density and angularity measurements, and Barker et al. [2013, (Appendix H)] for the 
geochemistry and petrology of Healy pumices. 
 
 
 
 
 
Figure 1.22. Seafloor bathymetry and dredge locations (labelled red lines) for Healy volcano, from NIWA 
[2007]. Caldera floor is at ~1700 mbsl. 
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Chapter 2 
Methods in Quantitative Clast Characterisation 
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 In order to better understand the subsurface processes that lead to volcanic eruptions it 
is important to study the physical products of past eruptions. Quantification of 
syneruptive magma chamber and conduit processes can be addressed through the study 
of vesicularity textures in juvenile pyroclasts, which preserve information about volatile 
exsolution, bubble nucleation and growth. Many workers have shown that quantification 
of textural parameters of pyroclasts yields valuable insights into the volcanic processes 
that created them [e.g., Sparks and Brazier, 1982; Toramaru, 1990, 2006; Klug and Cashman, 
1994; Mangan and Cashman, 1996; Polacci et al., 2001, 2003, 2004; Klug et al., 2002; Gurioli et 
al., 2005; Adams et al., 2006; Carey et al., 2009; Sable et al., 2009; Costantini et al., 2010; 
Giachetti et al., 2010; Houghton et al., 2010; Schipper et al., 2010, 2011; Cichy et al., 2011; 
Stovall et al., 2011, 2012; Alfano et al., 2012; Gonnermann and Houghton, 2012; Shea et al., 
2012]. The early work of Houghton and Wilson [1989] established a framework for 
measuring the density and vesicularity of juvenile clasts in pyroclastic deposits and the 
processes that cause these variations. Quantification of the vesicularity characteristics and 
the determination of bubble size distributions (BSD) of pyroclasts were first carried out 
by Toramaru [1990] following the initial works of Marsh [1988] and Cashman and Marsh 
[1988] for crystals. Using these methods a framework was established by later studies for 
investigating volcanic processes through investigation of pyroclast textures [e.g., Mangan 
et al., 1993; Cashman and Mangan, 1994; Klug and Cashman, 1994, 1996; Polacci et al., 2001; 
Klug et al., 2002; Houghton et al., 2010].  
 There are two contrasting ways of looking at bubble (and crystal) size 
distributions in pyroclasts. The first is by conversion of 2D data from a planar surface 
(such as a thin section or photograph) to 3D data though stereology [e.g., Sahagain and 
Proussevitch, 1998; Higgins, 2000; Morgan and Jerram, 2006; Jutzler et al., 2012] and is 
described in section 2.6. This method is labour intensive and suffers some limitations in 
the conversion method applied (see section 2.6), but accounts for all bubble sizes in the 
sample. The second method is by deriving 3D reconstructions of samples and includes 
methods such as serial sectioning [e.g., Bryon et al., 1995], serial grinding [e.g., 
Marschallinger, 1998a,b,c; Mock and Jerram, 2005], constructing digital elevation models of 
individual ash grains to calculate vesicle volume [Proussevitch et al., 2011; Genareau et al., 
2012] and 3D tomographic scanning, [e.g., Gualda et al., 2010 and references therein]. 
With 3D tomographic scanning, samples that range from decimetres to micrometers in 
size can be analyzed, and micrometer- to centimetre-sized crystals, bubbles and other 
particles can be identified and quantified. The downfalls to this method are the higher 
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 cost and inability to cover the full range of bubble/crystal sizes with single samples due 
to the trade-off between sample size and image resolution, and therefore this method is 
typically only applied to few clasts, making representivity an issue. 3D tomography has 
been employed for measurement of crystal size distributions [Gualda et al., 2004; Gualda, 
2006; Pamukcu and Gualda, 2010], to investigate bubble/crystal textures in pumice [Gualda 
and Anderson, 2007; Gualda and Ghiorso, 2007; Polacci et al., 2012] and to investigate pumice 
permeability [Degruyter et al., 2010a,b]. In this thesis I chose to use the first method, 
stereological conversion of bubbles measured in 2D thin sections, in order to quantify 
the full range of bubble sizes for many pyroclasts. 
 The stereological techniques used to convert data from 2D bubble area to 3D 
bubble volume were refined by Sahagian and Proussevitch [1998] to address several of the 
inherent short-comings in interpreting 3D vesicularity characteristics from 2D thin 
sections. To use these equations directly requires a thorough understanding of the 
mathematics and statistics of stereology (the three dimensional interpretation of planar 
sections). A complex multi-tab excel spreadsheet was created by a consortium of 
researchers (J. Hammer, K. Cashman, B. Hobden, B. Houghton, N. Adams, J. Sable) which 
utilized the equations of Sahagian and Proussevitch [1998] and has been used for data 
acquisition [e.g., Houghton et al., 2003; Adams et al., 2006; Carey et al., 2009; Sable et al., 
2009; Houghton et al., 2010]. The spreadsheet is not published but can be found in 
Adams [2005]. Shea et al. [2010a] introduced the FOAMS (Fast Object Acquisition 
Measurement System) program which performs the stereological conversion of Sahagian 
and Proussevitch [1998] in a similar manner to that laid out in the spreadsheet but uses 
automated graphical user interfaces (GUIs) in an encrypted Matlab® based script. The 
FOAMS program automates the 2D data acquisition as well as the conversion of data 
from 2D to 3D, therefore bypassing the need to use a spreadsheet. As the FOAMS 
program is relatively new it is not without error, however, and the author makes updates 
regularly (http://www2.hawaii.edu/ ~tshea/foams/). In addition, since understanding of 
the underlying stereological equations is not required to run the FOAMS program, the 
user may not recognise the limitations to the program therefore leaving the output data 
open to misinterpretation. 
The extraction of textural data from images of pumice in thin section can be a 
time consuming and arduous task, especially for highly vesicular pumice, which contains 
bubble sizes that span several orders of magnitude separated by thin delicate micron 
sized glass walls. A large amount of individual attention and judgement is required but it 
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 generally yields high quality data. This chapter serves as a detailed guide to the 
procedures used to carry out quantitative textural studies of pyroclasts for this thesis. It 
addresses the collection of samples, preparation of thin sections, image acquisition 
techniques and the stereological conversion methods available. It also discusses the 
importance of understanding the limitations to the technique, discusses errors made by 
previous workers, details the use of the FOAMS program for bubble size and number 
density studies and outlines the method used for glass major element analyses by electron 
microprobe. 
 
2.1. Sampling Pyroclasts in the Field 
 
The sampling techniques used to assess density, and hence vesicularity, are based on the 
methods of Houghton and Wilson [1989], using the 16-32 mm sieve fraction of pyroclastic 
deposits. This size fraction is shown by Houghton and Wilson [1989] to be reasonably 
common in almost all proximal pyroclastic deposits, is easy to collect and process in large 
numbers, and is a common size fraction used by similar studies [Klug and Cashman, 1994; 
Gurioli et al., 2005; Adams et al., 2006; Carey et al., 2009; Sable et al., 2009; Houghton et al., 
2003, 2010; Costantini et al., 2010; Neil et al., 2010; Murtagh et al., 2011; Shea et al., 2010a, 
2011, 2012; Stovall et al., 2011, 2012; Barker et al., 2012 (Chapter 3); Parcheta et al., 2013] 
therefore allowing for direct comparison of data. For this thesis, subaerial pyroclasts 
were sampled within a narrow portion of the stratigraphic interval by picking out by 
hand at least 100 clasts in the 16-32 mm size range. Care was taken not to choose clasts 
that appeared to have been broken upon impact and hence be fragments of larger clasts. 
In most cases coherent clasts were identifiable by having a thin coating of ash, whereas 
broken clasts were missing this coating on angular surfaces. This handpicking method 
was used for this thesis instead of bulk sampling and sieving because of either the fragile 
nature of the clasts or the presence of the clasts in compacted ashy units. Submarine 
pyroclasts were sampled via the 2007 R.V. Tangaroa seafloor-dredging program, (voyage 
TAN07/06) [NIWA, 2007] and sieved to separate the 16-32 mm sized clasts. In the 
submarine case, all 16-32 mm pyroclasts were retained and used for density 
measurements resulting in large clast populations for some dredge sites (e.g., up to 702 
clasts for a single dredge site at Macauley volcano) [Rotella et al., 2013b (Chapter 5), in 
prep (Chapter 6)].  
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 2.2. Density Measurements 
 
Densities of pyroclasts were determined by measuring their weights in water and air and 
employing Archimedes’ principle, after Houghton and Wilson [1989] (see Barker et al. [2012 
(Chapter 3)]; Figure 2.1). Clasts were first gently scrubbed with a brush in tap water to 
remove any ash surface coatings before repeated soaking and rinsing in tap water then 
oven-drying overnight at 105 °C. All clasts were sprayed with silicone waterproofing 
spray to seal small vesicles (<1 mm) before their weight was measured in air and water. 
For clasts with only small surface exposed vesicles the silicone spray alone was sufficient 
to seal the vesicles. The mass and volume added to the clast by spraying with silicon is 
negligible [Houghton and Wilson, 1989] so the specific gravity (S.G.) is given by: 
 
€ 
S.G. = (Wc )air(Wc )air − (Wc )water
 (1) 
 
where Wc is the weight of the clast. Clast specific gravities were converted to densities by 
dividing by the water density (1 g/cm3) and neglecting the buoyancy of the clasts in air. 
Clasts with surface exposed vesicles >1 mm or with surface irregularities were wrapped 
with ParafilmTM wax, which can be removed afterwards. The mass of the ParafilmTM wax 
was considered in the density determination of the clasts so the specific gravity is given 
by: 
 
€ 
S.G. = (Wc )air(Wc )air + (Ww )water − (Wc+w )water
  (2) 
   
 
 
Figure 2.1. Schematic 
illustration of the clast 
density measurement 
technique used where the 
clast was measured wet (A) 
and dry (B). In (B) a ballast 
of known weight is used to 
account for the buoyancy 
(negative weight) of the 
pumice clast if its density is 
less than water. From Barker 
[2009]. 
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 where the subscript w refers to the wax sheet. The density of a clast wrapped with wax 
was determined to be lower than if it was not wrapped with wax by an average of 0.01 
g/cm3 with a maximum variation of 0.03 g/cm3. This difference is similar to the 
reproducibility of the measurements [Barker et al., 2012 (Chapter 3)], and is neglected in 
the subsequent analysis. Clasts that floated in water were ballasted by a ‘cage’ made of 
soldering wire (Figure 2.1), the weight of which in water was subtracted from the weight 
of the clast plus ballast (i.e. the clast itself had a negative weight). Clast densities were 
converted to vesicularities (Vesic) using a dense rock equivalent (DRE) density, given by: 
 
€ 
Vesic(%) = 100(ρDRE − ρclast )
ρDRE
 (3). 
 
where ρ is density. For Kermadec dacites in this study, a DRE value of 2.4 g/cm3 was 
used. This assumed DRE value is within the range of values calculated from the bulk 
rock compositions using the ‘KWare Magma’ software of Wohletz [1999] (e.g., 2.397 
g/cm3 for Sandy Bay Tephra and 2.451 g/cm3 for Matatirohia). Data is plotted as density 
frequency histograms showing the number of clasts for a range in density and vesicularity 
with bin sizes of 0.05 g/cm3, equivalent to approximately 2% variation in vesicularity 
(Figure 2.2). The range in DRE values for differing chemistry clasts would change the 
vesicularities of the pyroclasts by at most one bin (0.05 g/cm3) and only for high density 
(>0.59 g/cm3) clasts due to the increasing influence of DRE on vesicularity for 
increasing density clasts. The overall shapes of the density frequency histograms would 
not be affected by the range in DRE values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Example of a density frequency histogram for 
16-32 mm pyroclasts from this study. Stars represent bins 
in which samples were chosen for thin sectioning and 
imaging of vesicularity textures. n is the number of clasts. 
Modified from Rotella et al. [2013a (Chapter 4)]. 
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 2.3. Thin Section Preparation  
 
Clasts from the 16-32 mm size fraction were chosen for thin sectioning on the basis of 
the density distributions. Clasts were targeted dominantly from the low-, modal- and 
high-density regions (Figure 2.2). In cases where the density histograms did not show 
narrow unimodal peaks, several samples were chosen across the density range. Preferred 
samples for thin sectioning were large (to maximize the thin section area), representative 
of the clast population as a whole, had relatively homogeneous vesicularity and little to 
no elongation of bubbles, as the image processing technique utilised assumes that the 
bubbles are spherical [Sahagian and Proussevitch, 1998]. Clasts were cut into approximately 
0.5 cm thick wafers through their largest diameter using a diamond slow saw (Figure 2.3). 
The pumice wafers were rinsed with tap water and sonicated five times in distilled water 
for 10 minutes, rinsing the wafer with distilled water between each sonification. The 
pumice wafer was then sonicated in ethanol twice for 10 minutes and oven dried at 105 
°C overnight. 
 The pumice wafers were impregnated with EpoTek epoxy under vacuum, lapped 
to create a flat surface and mounted on glass slides by S. Bush (Victoria University of 
Wellington) and N. Orr (GNS Science). The mounted sample was then ground to ~60 
µm thickness. Since pumice is not entirely permeable (i.e. not all bubbles in pumice are 
interconnected), an additional epoxy impregnation of the surface of the thin section was 
undertaken to infill exposed vesicles [Gamberini and Valdre, 1995]. A layer of Epotek 
epoxy was applied to the surface of the thin section and the sample placed under vacuum 
using a Cast N’Vac 1000 system to draw the air bubbles out, therefore impregnating 
remaining unfilled surface vesicles. Bubbles were observed to rise from the thin section 
surface through the epoxy. When no further bubbles were liberated, usually after about 
20 minutes, the vacuum was slowly released forcing epoxy into the exposed vesicles. The  
epoxy was levelled with a razor blade and the thin section placed on a hot plate at 50 °C 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. A16-32 mm clast cut into a wafer (middle 
section) in preparation for epoxy impregnation and thin 
sectioning. 
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 overnight for the epoxy to harden. The thin section was then ground to ~50 µm using 
1200 grit sand paper until the sample was exposed before hand polished using 2000 grit 
sand paper then decreasing grades of diamond paste (6 µm, 3 µm, 1 µm and 0.25 µm 
grades) until a smooth surface was obtained. 
 
2.4. Image Acquisition 
 
Select thin sections with representative pumice textures were chosen for imaging, 
determined by examination with a petrographic microscope. The successful 
quantification of the vesicularity characteristics of pumice required that all parts of the 
sample be represented [Higgins, 2006]. Since bubbles in pumice are typically polydisperse, 
with sizes that vary by four to five orders of magnitude [Klug et al., 2002], characterising 
the bubble population required image acquisition by means of extrapolating data from 
nested magnifications [Shea et al., 2010a]. In addition, accurate bubble size data required a 
statistically significant number of bubbles, and therefore each nested magnification 
required multiple images. First an image was taken of the entire thin section with a flat 
bed scanner using transmitted light to image the largest bubbles, then a series of back 
scattered electron (BSE) images at nested magnifications were taken with a scanning 
electron microscope or electron microprobe of several regions of the thin section to 
progressively image the smaller bubble populations (Figure 2.4). See Appendix A for 
BSE images of all samples imaged in this study. 
 The quality of images collected is of great importance in quantitative vesicularity 
studies. Images of the entire thin section were taken in colour using as high a resolution 
as possible. For this study, 3200 dpi was found to be the upper resolution limit beyond 
which the image file size was too large and caused software to crash. For BSE images, 
the shade of grey in which an object appears is dependent on the density of the object as 
well as the brightness and contrast settings chosen. As epoxy has the lowest density 
vesicles appears dark grey to black, and glass light grey to white in BSE images. Crystals 
appear as a range of grey tones with the lightest density crystals such as plagioclase 
appearing a lighter shade of grey than the glass, mid-density crystals such as pyroxene 
appearing light grey and high-density crystals such as oxides appearing white. The 
brightness and contrast settings were adjusted on an image-by-image basis to best 
delineate between bubbles, glass and crystals. Images were taken at an accelerating  
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Figure 2.4. (a) Nesting scheme of Shea et al. [2010a] and (b) modified three-fold nesting scheme used for 
some samples in this thesis. The nesting scheme in (b) enables the possibility of using just two of the three 
imaged branches if the bubble sizes are well represented in those two branches, therefore reducing the 
amount of images needed to be rectified (see Section 2.5). All three branches were used if the sample 
contained textural heterogeneities in the scanned image. 
 
 
voltage of 15 kV and probe current of approximately 8 nA. Achieving the best focus 
possible also aided greatly in the image rectification process prior to vesicularity analyses. 
 
2.4.1 Homogeneous Clasts 
  
A homogenous clast is one in which any randomly selected region gives similar 
quantified vesicularity data. The vesicularity is not necessarily homogeneous, but the 
heterogeneities, if present, are evenly distributed throughout the section. In order to 
quantify the vesicularity characteristics of a thin section, bubbles of all sizes must be 
imaged in numbers to be statistically representative. In order to achieve this, a series of 
nested images were taken of several regions of the thin section (Figure 2.4) based on the 
methods described in Shea et al [2010a]. The choice of magnifications used and number 
of images obtained were adjusted relative to the characteristics of the particular sample 
and the imaging capability of the instrument used. Since the binary preparation of images 
in Adobe Photoshop (image rectification) is the most time consuming step of 
quantitative image analysis it was important to use an image nesting scheme that limited 
the number of images that need to be processed without compromising the quality of the 
data collected.  
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  The nested image scheme used in this thesis consisted of at least three imaged 
thin section areas, or ‘branches’. Two or three images were taken at 25x or 40x 
magnification (whatever the lower limit of imaging for the instrument was). Within these 
imaged areas, further images were taken at either 100x or 150x magnification, and then 
these areas were imaged at least twice at 500x magnification (Figure 2.4). Most subaerial 
erupted pumice in this study has thin bubble walls (as thin as 1 µm), which are better 
resolved at 150x than at 100x magnification. In higher-density samples where pumice 
walls are thicker (>~10 µm), 100x images are more desirable. The highest magnification 
chosen is of great importance as accurate estimation of bubble number densities requires 
measurement of all the bubbles present, including the smallest ones. Shea et al. [2010a] 
show that in order for the smallest bubbles to be quantified with reasonable 
uncertainties, images must be taken such that the smallest bubbles are a defined 
minimum number of pixels in diameter (Figure 2.5a). In this study, the smallest 
discernible bubbles were ~1 µm in diameter. For 1 µm bubbles to be confidently imaged 
so that they are at least 5 pixels in diameter, or 20 pixels in area (corresponding to a 
uncertainty of ~5 % [Shea et al., 2010a]), images must be taken at 500x magnification. If 
uncertainties lower than 5% are desired more images are required at higher 
magnifications, but this results in many more images being needed to yield a statistically 
robust number of bubbles for use in the analyses. For example, to attain 1.3% 
uncertainty for one misrepresented pixel, images are required to be taken at 1000x 
magnification so that the smallest bubbles are 10 pixels in diameter, but at this 
magnification not enough bubbles would be present in a single image to be statistically 
relevant (Figure 2.5b). For further discussion on inherited uncertainties associated with 
maximum magnifications and choice of smallest discernable bubble sizes see section 2.7 
and Shea et al. [2010a].  
 
2.4.2 Heterogeneous Clasts 
 
Pumice is commonly heterogeneous at all scales, including in thin sections, and in this 
case textural quantification requires a choice of strategy to best suite the particular 
sample. If the sample has a homogenous groundmass with distinct heterogeneous zones 
it is possible to quantify the vesicularity of each zone using the techniques described 
above for homogeneous clasts and apply a relative percent area to each and integrate for 
the entire section. If the sample has complex heterogeneities or if the sample has graded  
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Figure 2.5. (a) Error inherited in the choice of pixel size cut off, assuming 1280 x 960 pixel image 
resolution. The curve illustrates the error associated with misrepresentation of 1 pixel in area within a 
vesicle. (b) Minimum vesicle diameter measurable for various magnifications. If vesicles as small as 1 μm in 
diameter are present within the sample, magnifications of 500x are needed in order to achieve a minimum 
resolution of 5 pixels per vesicle (red line) and 1000x are needed in order to achieve a minimum resolution 
of 10 pixels per vesicle (blue line). Modified from Shea et al. [2010a].  
 
 
vesicularity then it is not possible to characterize the sample as a whole and instead 
vesicularity is quantified for representative regions. In general, the techniques used for 
imaging heterogeneous clasts are similar to those used for homogeneous clasts, except 
the choice of magnifications for each region may differ to best suit the vesicle 
characteristics present in that region. 
 
2.5. Image Rectification with Adobe Photoshop 
 
From the BSE images, select thin section samples were chosen for quantification of 
vesicularity textures based on the quality of the images and with emphasis on getting a 
representative selection. Image analysis software identifies objects based on their 
greyscale value. In order, therefore, for the image analysis software to ‘read’ the images, 
they must be rectified so that all features of a given type have a uniform greyscale value. 
The method used to rectify BSE images in this study is similar to that described in Shea et 
al. [2010a]. Image rectification is the most time-consuming step in quantitative 
vesicularity analyses and must be done accurately to ensure trustworthy data. The 
amount of time spent rectifying images depends on the quality of the thin section and 
images and on the number of images taken to ensure all bubbles are represented. Using 
the Adobe Photoshop software program a TIF file is created from the BSE image in 
which each object is assigned a specific greyscale value from 0 to 255. For this study, 
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 bubbles are black (255), glass is white (0), and crystals are grey (127). This was done using 
multiple layers in Photoshop with one layer being the raw BSE image and another being 
the created TIF image that is later used by the image analysis program (Figure 2.6). 
Binary images are first cleaned of odd pixels and irregularities such as broken bubble wall 
fragments, polishing grit and/or image imperfections using the array of functions 
available in Photoshop such as the magic wand tool and the erode/dilate operation. 
Since not all vesicles were filled with epoxy during impregnation, open vesicles (dark to 
light grey coloured ‘pits’) were manually corrected to represent bubbles (Figure 2.6c). In 
order for the image analysis program to identify bubbles as being separate objects they 
must not contain any ‘touching’ pixels so bubbles walls were inspected and manually 
repaired in Photoshop to separate them fully or to repair bubble walls that appeared to 
have broken after quenching using the pencil tool (Figure 2.6d).  Image rectification 
proved to be a highly time-consuming task and is the rate-limiting step in pumice texture 
quantification studies therefore a good quality thin section is of upmost importance.  
 
 
 
Figure 2.6. Example of the 
rectification steps taken in 
Photoshop. (a) BSE image, (b) 
dark pixels are selected with 
the ‘magic wand’ tool and 
filled as black pixels (255 
greyscale value) on a separate 
layer, (c) ‘empty’ bubbles are 
coloured-in using the ‘pencil 
tool’, (d) glass is filled as white 
pixels (0 greyscale value) and 
bubble walls are reconstructed 
using the ‘pencil tool’. The 
final image is ‘flattened’ and 
saved as a TIF file for analysis 
in FOAMS. 
 
 
 
2.6. Data Acquisition and Stereological Conversion from 2D Area to 3D Volume  
 
Stereology is the technique of extracting quantitative information about a three-
dimensional material from measurements made from a two-dimensional planar section 
of that material. It draws from principles of geometry and statistics to extrapolate three-
dimensional shapes assuming that the planar section is typical of the material as a whole 
[e.g., Cruz-Orive, 1983; Pawlas et al., 2009]. Stereological techniques have been employed in 
various scientific disciplines such as geology [Sahagian and Proussevitch, 1998; Shea et al., 
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 2010a], chemical engineering [e.g., Demetriou et al., 2007; Busciglio et al., 2010] and biology 
and medical sciences [e.g., de Gunst and Luebeck, 1998].   
 In order to get a three-dimensional interpretation of a planar section of vesicular 
pumice, the area of each bubble in the thin section must be determined [Underwood, 1970, 
Exner, 2004]. This is done using images from single thin sections with image analysis 
software such as ImageJ [rsb.info.nih.gov/ij; Collins, 2007], CSD Slice [Higgins, 2000] or 
FOAMS [Shea at al., 2010a]. The diameter of each bubble’s equivalent circle (i.e., a 
perfect circle with the same area as the imaged bubble: L or EqD) is calculated and these 
equivalent diameters are binned according to a chosen scale (for this study a geometric 
scale was used). A number area (NA) for each bin size is calculated as the number of 
bubbles per reference area of the image (see below for discussion of techniques). Using a 
chosen stereological technique (see below), the three-dimensional number volume (Nv) 
of bubbles is calculated from the two-dimensional number area (NA) data for each bin 
size. 
 As reviewed by Cashman and Marsh [1988] and Cashman and Mangan [1994] there 
are two main issues in the stereological conversion process. Firstly, bubbles in pumice 
approximate a polydisperse system, i.e., a 3D packing arrangement of particles of the 
same shape but of differing sizes. When this system is cut randomly by a 2D plane the 
bubbles will not generally be cut through their largest diameters. The two-dimensional 
cross sectional diameter of any particular bubble measured from the thin section image 
will therefore be smaller than the diameter of the bubble in three dimensions (Figure 
2.7). This has been termed the ‘cut affect’ [Cashman and Marsh, 1988; Cashman and Mangan, 
1994]. Secondly, the two-dimensional cut plane is more likely to intersect larger bubbles 
than it is to intersect smaller ones, introducing a statistical sampling bias of larger bubbles  
 
 
 
 
 
 
 
 
Figure 2.7. Plane cutting a polydisperse 
system, illustrating the ‘cut effect’ in which 
bubbles are not cut through their largest 
diameters, and the ‘intersection probability’ 
in which large bubbles are more likely to be 
cut by a 2D plane than small bubbles. From 
Sahagian and Proussevitch [1998]. 
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 Mangan, 1994]. These two effects result in the underestimation of the true vesicularity 
and misrepresentation of the true bubble size distribution of a sample. Various methods 
[Cheng and Lemlich, 1983]. This has been termed ‘intersection probability’ [Cashman and are 
available for stereological conversion of two-dimensional number area (NA) to three-
dimensional number volume (NV) data, some of which address these issues. Four of the 
most commonly used methods are described below. 
 
2.6.1 The Saltikov [1967] Method 
 
The Saltikov [1967] method of stereological conversion, described in detail in Russ [1986] 
and reviewed by Cashman and Marsh [1988] and Sahagian and Proussevitch [1998], attempts 
to overcome problems of vesicularity underestimation via the ‘cut-effect’. This method 
assumes a distribution of spheres in which the largest measured 2D bubble represents 
the largest sphere bin size, then each consecutively smaller bin size contains a fraction of 
sections from the larger bin size plus some sections of its own bin size [Saltikov, 1967; 
Cashman and Mangan, 1994]. From this distribution of spheres a matrix of volume values 
are calculated. The mathematical formulation of this stereological technique is defined in 
Sahagian and Proussevitch [1998] and is discussed in Section 2.6.4.  
 Problems with this method include the limitation of 15 bins, the assumption that 
all bubbles are spheres, and the introduction of errors in the smallest size classes 
[Cashman and Mangan, 1994]. Galwey and Jones [1963] undertook an experiment in which 
crystal size distribution data was collected from a thin section of garnets in marble, then 
dissolved the garnets from the sample and measured their actual size distribution. They 
found that crystal radii measured in thin section tend to be slightly skewed (<10%) to 
smaller sizes. Using the Saltikov [1967] method they found that the crystal size 
distribution curve matched the true size distribution but deviated dramatically at 
maximum frequencies.  
 
2.6.2 The Wager [1961] and Gray [1970] Methods 
 
These methods of stereological conversion were developed for the conversion of 2D 
number area (NA) data to 3D number volume data (NV) for non-uniform shapes such as 
crystals, and involves raising the measured number per unit area (NA) to the 3/2 power: 
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       [Wager, 1961], and (4) 
 
€ 
NV =
NA1.5
f  [Gray, 1970], (5) 
 
where f is the modal volume of grains. These methods has been found effective for 
crystal size distribution studies [Kirkpatrick, 1977, 1978; Cashman and Marsh, 1988; Mangan, 
1990] but give incorrect results when applied to bubble size distribution studies in which 
uniform spheres are assumed [Higgins, 2000; Castro et al., 2003]. 
 
2.6.3 The Cheng and Lemlich [1983] Method 
 
This stereological conversion method is based on the equation: 
 
 (6) 
 
where NA is the number of bubbles in each size class per unit area and L is the  average 
diameter of bubble in that size class. This method was developed to measure bubble size 
distributions in foams [deHoff and Rhines 1968; Cheng and Lemlich, 1983] and can therefore 
be directly related to bubbles in volcanic rocks [Mangan et al., 1993; Klug and Cashman, 
1994; Polacci et al., 2001; Klug et al., 2002; Rosi et al., 2004; Giachetti et al., 2010; Alfano et al., 
2012]. For pumice with elongate vesicles, thin sections would be cut parallel and 
perpendicular to the elongation direction to estimate appropriate aspect ratios for 
volume conversion, otherwise all bubbles are approximated to be spheres [Klug et al., 
2002]. This method corrects for the ‘intersection probability’ by weighting the number of 
bubbles measured by the minimum distance between that bubble and another of the 
same size [Underwood, 1970]. This method does not take into account the ‘cut affect’, and 
thus underestimates true measured vesicularity. In a study of pumice from Crater Lake 
(Mount Mazama) [Klug et al., 2002] vesicle volume was found to be underestimated by 10 
to 20% and a constant was used to correct this discrepancy in vesicle distributions. This 
method of areal measurement of bubbles and stereological conversion of data has been 
automated by Pareschi et al. [1990].  
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 2.6.4. The Sahagian and Proussevitch [1998] Method 
 
Using numerical techniques, Sahagian and Proussevitch [1998] define probability 
distributions for intersecting a polydisperse system of particles in order to convert 2D 
bubble area data to 3D volumes. Their technique consists of calculating number densities 
in given geometric size classes per unit volume by successive iterations of the number 
density of larger objects, assuming a spherical geometry for the bubbles. Geometric size 
binning, in which each size bin is 0.794 (i.e., 1/100.1) times smaller than the preceding 
one, was chosen as it is more appropriate for particle sizes distributed over several orders 
of magnitude and allows for better representation of the small size populations which are 
misrepresented in a linear binning system [Proussevitch et al., 2007]. The mathematical 
formulation of this method stems from the iterative process defined by Saltikov [1967] in 
which the frequency of largest cross-sections defines a 3D distribution of the entire 
particle population.  
The method used by Sahagian and Proussevitch [1998] relies on successive iterations 
of the number density (Nv) of larger objects (NV1, NV2, NV3… NVi) assuming spherical 
geometry, and is briefly summarised below. As defined by Underwood [1970] the number 
density of the successively smaller sized particles can be defined as: 
 
€ 
NV1 =
1
P1
NA1
H1
 
 
 
 
  
 
…  
 (7) 
 
where NV is number density per unit volume, NA is the measured number density per 
unit area, P is the probability (fraction) of all 2D cross-sections produced and H is the 
mean projected height of the particle (mean height of the shadow cast by a particle). For 
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 smaller sized classes, the total observed cross-section number density is the sum of the 
largest cut of the particle class being considered and the smaller cross-sections of larger 
particles. Each NVi
 is calculated on the basis of the previous NV(i-1).  
 Sahagian and Proussevitch [1998] re-write Eqn (7) as: 
 
 (8) 
 
 
where α is a conversion coefficient: 
 (9) 
 
 
Eqn (7) is written in terms of actual probabilities and the use of αi in Eqns (8) and (9) is 
for numerical expedience. Conversion coefficients (α) for 12 geometric size classes are 
given in Sahagian and Proussevitch [1998]. Often for silicic pumices bubble sizes range over 
more than 12 geometric size classes so Prof. Kathy Cashman (U. Oregon, pers. comm.) 
calculated α values for 32 geometric size classes using the equations of Sahagian and 
Proussevitch [1998] for use in spreadsheets. For silicic pumices in this study, however, the 
large range in 2D bubble area sizes (~1 µm to several mm) warranted more than 32 α 
values, therefore Prof. John Harper (Victoria University of Wellington – School of 
Mathematics, Statistics and Operations Research) kindly calculated α values for an 
additional five size classes for a total of 37. This was done through a Fortran code since 
quadruple precision was needed in order to avoid numerical instability in the smallest size 
classes (i.e., subtracting nearly equal numbers) (J. Harper, pers. comm.). 
One apparent shortcoming of the Sahagian and Proussevitch [1998] method of 
stereological conversion is the inability to account for elongated shapes since the cross-
section probabilities for elongate objects cannot be expressed analytically. An aspect ratio 
for bubbles can be assumed but this would imply that some processes had caused them 
to deform uniformly [Shea et al., 2010a]. As there is no methodology that can be easily 
applied to rocks with elongated vesicles, pumices that contain abundant tube-
morphology vesicles are avoided in this study. As the Sahagian and Proussevitch [1998] 
method is most effective at minimizing errors associated with both the ‘cut-effect’ and 
‘intersection probability’ it is the chosen stereological conversion method for this study. 
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 For detailed discussion of the stereological conversion method of Sahagian and Proussevitch 
[1998] and how this relates to bubble size studies see Shea et al. [2010a].  
 
2.7. Using the FOAMS Program [Shea et  a l ., 2010a] for Data Analysis 
 
At the outset of this study, 2D bubble area data was acquired via the freely available 
ImageJ software [rsb.info.nih.gov/ij; Collins, 2007] and converted to 3D volume data using 
the stereological conversion equations of Sahagian and Proussevitch [1998] in a multi-tab 
Excel® spreadsheet [Adams, 2005; B. Houghton, unpublished data]. The spreadsheets were 
created by K. Cashman, J. Hammer and J. Sable, adapted from their crystal size 
distribution (CSD) studies. During the course of this study, the FOAMS Matlab® script 
was released [Shea et al., 2010a], which automates the ImageJ and Excel spread sheet 
procedure. Rectified mages in TIF format are directly inputted into FOAMS and bubble 
size data is exported as Microsoft Excel® or text file format. All data presented in this 
thesis has been acquired using a combination of adjusted outputs from FOAMS program 
(version 1.0.2b) and the equations of Sahagian and Proussevitch [1998] in order to correct 
errors inherent in the version of FOAMS used (see Appendix B). See the FOAMS 
program website [www2.hawaii.edu/~tshea/foams/index2.html] for the FOAMS program 
user guide which includes a step-by-step guide to using FOAMS and explanation of the 
output files. 
Even though the ImageJ and spreadsheet method did not produce the final data 
collected, going through the exercise of collecting data in this way was invaluable in the 
understanding of the mechanics behind the FOAMS program. The FOAMS program 
was designed as an encrypted Matlab® code built around two graphical user interfaces 
(‘Initial’ and ‘Results’) that use simple push buttons to facilitate most operations (Figures 
2.8, 2.9) [Shea et al., 2010a]. Since the code and the internal workings of the program are 
not accessible, the user is unaware of any internal errors and is unable to adjust the 
program to their specific needs without contacting the author to make these changes. In 
addition, if there is a poor understanding of the underlying equations and methods, then 
errors and inconsistencies in the resulting data will also not be understood. I suggest that 
any new operator first works to understand the spreadsheets so that the FOAMS 
program can be used with a better understanding of the output data and the limitations 
to the approach.  
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Figure 2.8. FOAMS ‘Initial’ user interface and graphical contents, from Shea et al. [2010a]. 
 
Figure 2.9. FOAMS ‘Results’ user interface and graphical contents, from Shea et al. [2010a]. 
 
2.7.1 Choosing an Appropriate Bubble Size Cut-Off 
  
Just as in the spreadsheets, the FOAMS program ‘Initial’ graphical user interface (Figure 
2.8) lets the user choose a minimum size cut-off for analysis so that stray pixels, which 
are not true data, are ignored and a reasonable level of uncertainty is maintained [Shea et 
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 al., 2010a]. The minimum size of bubble that can be recognized and measured for this 
study was established during imaging to be ~1 µm, therefore representative images were 
collected so that the smallest bubbles were at least 5 pixels in diameter at 500x 
magnification, similar to that for pumice from Vesuvius [Shea et al., 2010a] (see Section 
2.4.1). Therefore, the chosen cut-off size used in FOAMS was 5 pixels. Choosing a pixel 
size cut-off larger than the smallest bubble present decreases the uncertainty on each 
bubble size measurement but discards meaningful data and in doing so can decrease the 
apparent bubble number density for the sample by an order of magnitude or more. As 
mentioned in Section 2.4.1, if a smaller uncertainty is desired, higher magnifications must 
be used in order to ensure all bubbles will be counted in FOAMS at the higher pixel cut-
off size (Figure 2.5).  
 Some authors [e.g., Houghton et al., 2003; Carey et al., 2009; Houghton et al., 2010; 
Costantini et al., 2010] chose to use a 20-pixel diameter cut-off (equivalent to 315 pixels in 
area or 4 µm in diameter) at 500x magnification and larger than the smallest bubble 
present at the highest magnification. It is unreasonable to assume that a bubble smaller 
than 315 pixels in area is not identifiable in a BSE image (Figure 2.10), therefore it is  
 
 
 
Figure 2.10. Rectified image of sample RI15_P03_C49_at 500x magnification. Red bubbles are those 
smaller than 4 µm in diameter (20 pixels equivalent diameter of a circle) that would not be included in the 
analysis if a 20-pixel cut off was used in FOAMS. Note that using a 5-pixel cut off all bubbles are included 
in the analysis. 
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 assumed this abnormally large bubble size cut-off was done in error. Potentially the 
authors mistakenly used a 20-pixel diameter cut off instead of a 20-pixel area cut off 
(which is equivalent to the correct 5-pixel diameter cut-off). From published images in 
the above-mentioned studies, it appears that there are bubbles present smaller than 20 
pixels in diameter (4 µm diameter at 500x magnification) therefore causing errors in their 
data. Applying an artificial cut off larger than the smallest bubble present has 
considerable implications for the results since size-frequency distributions are strongly 
skewed towards smaller size fractions [Genareau et al., 2012; Mangan et al., 1993] and 
results in an artificially induced lower bubble number density value [Herd and Pinkerton, 
1997; Shea et al., 2010a; Rotella et al., 2013a (Chapter 4)]. 
 
2.7.2 Choosing an Appropriate Bubble Bin Transition Between Magnifications 
 
Since each pumice sample data set consists of a series of nested images over several 
different magnifications it is important to determine at which magnification each bin size 
should be represented (Table 2.1). This ensures that each bubble is counted only once 
and that bubbles counted at each magnification are well represented at that 
magnification. 
 
 
Table 2.1. Smallest bubble bin sizes that can be measured at each magnification, defined through 
visual inspection of images. 
 
Magnification Recommended lower bin limit  
(EqD, mm) 
Absolute lower bin limit 
(EqD, mm) 
500x 0.0010 0.0010* 
150x 0.02326 0.01467 
100x 0.04970 0.03950 
40x 0.05842 0.04641 
25x 0.1979 0.1572 
Scan @ 3200 dpi 0.2928 0.23258 
Scan @ 1200 dpi 0.6259 0.49721 
 
*The smallest bubble that can be measured with a 5 pixel cut off at 500x magnification. Note that the 
binning system counts values up to and including that value, e.g., the 0.0010 mm bin included bubbles 
from 0.00081 mm to 0.00010 mm (see Table 2.2). 
 
This analysis assumes that images were taken at 1280 x 960 pixels resolution. EqD = equivalent diameter 
of a sphere, dpi = dots (or pixels) per inch and corresponds to the resolution thin sections were scanned at. 
Note that these limits were defined for this study and would be subject to change depending on the nature 
of the samples and quality of the images. 
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  Once the sample images have been measured by FOAMS in the ‘Initial’ graphical 
user interface (Figure 2.8), a second graphical user interface ‘Results’ (Figure 2.9) appears 
in which the user must chose at which magnification bubbles of each bin size are to be 
measured [Shea et al., 2010a]. Before bin size limits can be chosen, it is important to 
determine at which magnification various sized bubbles can be confidently measured. To 
determine this a visual inspection of bubbles belonging to overlapping bins at each 
magnification was undertaken and the size range of bubbles that could be confidently 
seen and measured for each magnification was determined (Table 2.1, Figure 2.11). 
Bubbles should be measured at as high a magnification as possible given that there are 
statistically enough bubbles to count (~>10) in that bin range at that magnification. Note 
that the binning system used counts values up to and including that value (Table 2.2). 
 Choosing bubble bin size limits to be used in the ‘Results’ interface in FOAMS 
(Figure 2.9) can be done in two ways, either by automatically selecting ‘AutoSmart Bin 
Limits’ or by choosing the bin size limits manually. The latter is recommended to ensure 
that bubbles in each bin size are well represented at that magnification (i.e., big enough 
to be confidently imaged and quantified but small enough to be statistically well 
represented). Manually choosing the bin limits involves plotting the data from the 
‘NA_mag’ FOAMS output file which shows the number of bubbles measured for each 
bin size at each magnification and the resulting number density of bubbles per image area 
(NA) (Figure 2.10). By investigating the resulting plot (Figure 2.12), the user can choose 
appropriate bin boundaries without overstepping the boundaries pre-defined by visual 
examination of the bubbles at each magnification (Table 2.1). In addition, the user 
should ensure that there are statistically enough bubbles to count in each bin size. 
Generally, there should be at least 10 bubbles in each bin size. Ideally, bubbles should be 
counted at the largest bin size possible given that there are statistically enough bubbles to 
do so.  
 
2.7.3. Adjusting the FOAMS Outputs 
 
 The ‘Calc_out’ output data from the version of FOAMS used in this study 
(1.0.2b) has been found to contain inherent errors, therefore corrections were applied to 
the data (see Appendix B for a detailed description). For example, some Nv values 
outputs from FOAMS are reported as negative values, which is not mathematically 
possible. In addition, the FOAMS program normalises the vesicle volume fraction 
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 Table 2.2. Summary of which bubbles are present in each bin for the smallest bubble bin sizes in 
the geometric binning system used. 
 
Geometric bin 
size (mm) 
Bubble EqD range 
(mm) 
Bubble EqD 
range (pixels)* 
Area of largest 
bubble (um2) 
Area of largest 
bubble (pixels2) 
0.0008** 0.00061 – 0.0008 3.0 – 4.0 0.488 12.4 
0.0010 0.00081 – 0.0010 4.0 – 5.0 0.773 19.6 
0.0012 0.00101 – 0.0012 5.0 – 6.0 1.225 31.1 
0.0016 0.00121 – 0.0016 6.0 – 8.1 1.942 49.3 
0.0020 0.00161 – 0.0020 8.1 – 10.1 3.077 78.2 
0.0025 0.00201 – 0.0025 10.1 – 12.6 4.877 123.9 
0.0031 0.00251 – 0.0031 12.6 – 15.6 7.730 196.4 
0.0039*** 0.00311 – 0.0039 15.6 – 19.7 12.251 311.2 
 
*assuming an image resolution of 1280 x 960 pixels for BSE images at 500x magnification. EqD = 
equivalent diameter of a sphere. 
**Bubbles belonging to this and smaller bin sizes are NOT included in this study. It was determined that 
bubbles smaller than 4 pixels EqD were not big enough to confidently discern and count. Therefore the 
0.0010 mm bin represents the smallest size class included in the analyses. 
***This is the smallest size class represented if a 20-pixel cut off is used (see text for discussion). 
 
 
 
 
 
 
Figure 2.12. Using the number area (NA) output from the FOAMS program to determine at which 
magnification each bubble bin size should be measured. The choice of magnifications is dependant on 
fitting a good overall curve to the data, as well as being within the pre-defined limited defined by what 
bubble sizes can confidently be imaged at each magnification (Table 2.1). Coloured data (left) represents 
the bubble bin sizes allocated to each magnification, and are marked by coloured ‘Xs’ (right). freq is the 
frequency of bubble counted at that magnification. 
 
 
outputs so that they sum to the sample input (density-derived) vesicularity, and these 
values do not add up to 1.0, making it impossible to directly compare data from different 
samples. In order to rectify these errors, the Nv and volume fraction outputs from 
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 FOAMS were adjusted to correct for the negative outputs, then the true volume 
fractions (i.e., totals adding to 1.0) were calculated (see Appendix B).  
 
2.7.4. Correcting Data for Vesicularity 
 
The bulk vesicularity of a clast is calculated from its measured density and measured or 
inferred dense rock equivalent (see Houghton and Wilson [1989]; Section 2.2) and gives the 
proportion of bubbles to everything that is not bubbles, including glass, phenocrysts, 
microlites and xenoliths. A more appropriate measure of vesicularity is of bubbles in the 
melt phase alone, which is achieved by correcting the bulk vesicularity for the crystal 
content [Gardner et al., 1996] or the crystal and microlite content [Gurioli et al., 2005]. For 
this study, vesicularity was corrected for phenocryst content (>30 µm). Microlites, 
however, are assumed to be the consequence of degassing and do not necessarily reflect 
conditions at the base of the conduit [Hammer et al., 1999] and so are not corrected for in 
this study. The mean phenocryst content was determined by Barker et al. [2012 (Chapter 
3)]. 
 The bubble number volume (Nv) data output from FOAMS is the number of 
bubbles per volume of glass and microlites, not including phenocrysts, for each bin size 
range. The number volume data is then corrected for the bulk vesicularity (Nvcorr) to avoid 
underestimating nucleation densities of highly expanded samples [after Klug et al., 2002] 
by: 
 
€ 
NVcorr =
NV
1− (Vesic(%) /100)  (10) 
 
where 
 
€ 
Vesic(%) = bubblesbubbles+ glass+ crystals  (11). 
 
Some studies correct Nvcorr to the melt referenced vesicularity (Vesiccorr(%)) [e.g., Gurioli et 
al., 2005]. In other words, the density derived vesicularity Vesic(%) value in Eqn 10 is 
corrected for observed crystal content: 
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 € 
NVcorr =
NV
1− (Vesiccorr(%)) /100)
 (12) 
 
where 
 
€ 
Vesiccorr(%) =
bubbles
bubbles+ glass  (13). 
 
For this study I chose not to correct by the melt referenced vesicularity since the 
phenocryst contents for Kermadec pumices is generally low and varies little for all 
samples studied (e.g., 1-5%). In addition, the uncertainties associated with vesicularity 
measurements (~1.3%, Barker et al. [2012 (Chapter 3)]) are similar to the increase in 
vesicularity caused by correcting for 2% phenocrysts (~1.5%). The bubble number 
density (BND) is the sum of the bubble number volumes for all bins (i.e., ΣNv) and the 
corrected bubble number density value (BNDcorr) is the sum of the corrected bubble 
number volumes for all bins (i.e., ΣNvcorr).  
 
2.8. Glass Major Element Analysis by Electron Microprobe 
 
The glass major element chemistry was determined for submarine dredged pyroclasts in 
which the glass walls between bubbles were microlite free and at least 15 µm wide in 
planar section. Analyses were undertaken using a JEOL JXA 8320 SuperProbe electron 
micro-analyser at Victoria University of Wellington by wavelength dispersive (WDS) X-
ray spectroscopy using five spectrometers. Analysis was carried out on polished thin 
sections which were coated with ~25 nm of carbon prior to analysis. All glass 
calibrations and analyses were conducted using an accelerating voltage of 15 kV and a 
current of 8 nA with a defocused 10 µm diameter beam to avoid volatilisation of alkali 
elements such as sodium. Calibration was undertaken using a 60 second peak search for 
each element oxide and a 30 second background measurement on either side of the peak 
using international mineral and synthetic oxide standards (Table 2.3).  
Samples were measured for 30 seconds and background levels for 15 seconds for 
all elements and oxides except for Na2O which was measured for 10 seconds and 
background for 10 seconds to reduce volatilisation. Alkali elements such as Na and K 
were measured first. All major element concentrations were calculated using the ZAF 
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 Table 2.3. Standards used for calibration for each element or oxide 
 
Standard  Element or oxide 
VG-A99*  (basaltic glass) SiO2, TiO2 Al2O3, FeO, MgO, CaO  
VG-568* (rhyolite glass) Na2O, K2O 
Synthetic MnO MnO 
Scapolite PSU 63-1805** Cl 
Machine calibrated to standard reference values from *Jarosewich et al. [1980], and ** Ingamells 
[1983]. 
 
 
 
correction method, which automatically corrects for the matrix effects of mass number 
(Z), absorbance (A) and fluorescence (F). Known glass standards VG-A99 and VG-568 
were run as unknowns between every 15 to 20 sample analyses to monitor instrument 
drift and to assess the precision and accuracy of analyses. Only analyses with total oxide 
values between 97.5% and 101.5%, and for which the bracketing standards were <2 
wt.% different from their known oxide total values, were accepted. See Table 2.4 for 
approximate 2σ analytical precisions for all elements and oxide values calculated from 
repeated analysis of calibration standards. 
 
 
Table 2.4. Precision and accuracy of glass major element analyses by electron microprobe. 
 
VG568 standard (n=187)         
  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cl Total 
Average 77.03 0.06 12.14 1.06 0.02 0.02 0.47 3.38 4.92 0.10 99.20 
Max 78.88 0.29 12.56 2.12 0.17 0.11 0.63 3.83 6.97 0.16 101.38 
Min 75.29 0.00 11.50 0.55 0.00 0.00 0.35 1.20 4.33 0.01 96.80 
2σ 1.24 0.08 0.36 0.29 0.05 0.04 0.08 0.64 0.62 0.03 1.62 
% 2σ 1.6 120.9 2.9 27.5 237.2 158.1 17.9 19.1 12.6 32.7 1.6 
            
ref value* 76.96 0.08 12.17 1.08 0.02 0.03 0.45 3.52 4.93 0.10 99.34 
% offset 0.1 -20.0 -0.2 -1.5 10.8 -25.0 3.4 -3.9 -0.2 1.5 -0.1 
 
VGA-99 standard (n=242)         
  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cl Total 
Average 51.08 4.13 12.46 13.28 0.18 5.07 9.25 2.66 0.84 0.02 98.96 
Max 52.38 4.38 13.14 15.50 0.35 5.95 9.96 3.17 1.27 0.07 101.71 
Min 49.63 3.85 11.99 11.37 0.00 3.79 8.13 2.02 0.68 0.00 96.80 
2σ 0.90 0.19 0.34 0.96 0.11 0.42 0.35 0.30 0.12 0.02 1.72 
% 2σ 1.8 4.5 2.7 7.3 59.2 8.3 3.8 11.5 13.8 120 1.7 
            
ref value* 51.15 4.11 12.38 13.35 0.2 5.07 9.26 2.68 0.83 0.02 99.02 
% offset -0.1 0.4 0.6 -0.5 -9.9 -0.1 -0.1 -0.8 1.1 2.1 -0.1 
 
*Reference value from Jarosewich et al. [1980] 
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and Submarine Silicic Eruptions in the Kermadec Arc: 
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 Abstract  
 
Pyroclastic deposits from four caldera volcanoes in the Kermadec arc have been sampled 
from subaerial sections (Raoul and Macauley) and by dredging from the submerged 
volcano flanks (Macauley, Healy and the newly discovered Raoul SW). Suites of 16-32 mm 
sized clasts have been analyzed for density and shape, and larger clasts have been analyzed 
for major element compositions. Density spectra for subaerial dry-type eruptions on Raoul 
Island have narrow unimodal distributions peaking at vesicularities of 80-85%, whereas 
ingress of external water (wet-type eruption) or extended timescales for degassing generate 
broader distributions, including denser clasts. Submarine erupted pyroclasts show two 
different patterns. Healy and Raoul SW dredge samples and Macauley Island subaerial-
emplaced samples are dominated by modes at ~80-85%, implying that submarine explosive 
volcanism at high eruption rates can generate clasts with similar vesicularities to their 
subaerial counterparts. A minor proportion of Healy and Raoul SW clasts also show a pink 
oxidation colour, suggesting that hot clasts met air despite 0.5 to >1 km of intervening 
water. In contrast, Macauley dredged samples have a bimodal density spectrum dominated 
by clasts formed in a submarine eruptive style that is not highly explosive. Macauley 
dredged pyroclasts are also the mixed products of multiple eruptions, as shown by pumice 
major-element chemistry, and the sea-floor deposits reflect complex volcanic and 
sedimentation histories. The Kermadec calderas are composite features, and wide dispersal 
of pumice does not require large single eruptions. When coupled with chemical constraints 
and textural observations, density spectra are useful for interpreting both eruptive style and 
the diversity of samples collected from the submarine environment. 
 
3.1. Introduction 
 
Due to limited accessibility and exposure, many key measurements used to infer subaerial 
eruptive processes (e.g., dispersal, grain size, bedding characteristics) are generally not 
feasible for submarine deposits. However, the recognition that large-scale explosive 
volcanism involving silicic magmas (>63 wt % SiO2) occurs at submerged volcanoes, [e.g., 
Fiske and Matsuda, 1964; Niem, 1977; Busby-Spera, 1984; Fiske et al., 2001; Kano, 2003; Yuasa 
and Kano, 2003; Wright et al., 2003, 2006; Allen et al., 2008; Allen and McPhie, 2009] makes 
understanding submarine eruptive processes important, even though challenging. The 
density (and hence vesicularity) characteristics of juvenile clasts in pyroclastic products are 
preserved regardless of setting, and can place valuable constraints on interpretation of 
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 eruption dynamics [e.g., Sparks, 1978; Houghton and Wilson, 1989; Thomas et al., 1994; Gardner 
et al., 1996; Mastrolorenzo et al., 2001; Carey et al., 2009; Houghton et al., 2010]. Density 
measurements can be conducted relatively rapidly and used to screen samples for 
subsequent detailed studies of bubble size distribution, bubble number density or 
geochemistry. 
In subaerial open-vent explosive eruptions there is a first-order distinction drawn 
between those of dry-type eruptions, driven by exsolution of magmatic volatiles (magmatic 
fragmentation), and wet-type eruptions, where magma interacts with external water 
(phreatomagmatic fragmentation) [e.g., Cashman et al., 2000; Morrissey et al., 2000]. Low 
eruption rates, or stalling, allows magma to degas, collapse bubble textures and generate an 
effusive or weakly explosive eruption with poorly vesicular pyroclasts [Eichelberger et al., 
1986; Collombet, 2009; Michaut et al., 2009]. However, dry-type eruptions with substantially 
high eruption rates characteristically produce juvenile clast populations with uniformly high 
vesicularities across a wide range of eruption volumes and magma compositions [e.g., 
Houghton et al., 1985; Houghton and Wilson, 1989; Thomas et al., 1994; Gardner et al., 1996; Klug 
et al., 2002]. In contrast, the interaction of magma with external water (e.g., surface or 
groundwater) in wet-type eruptions effectively serves to quench and fragment the magma 
regardless of its vesiculation state [Self and Sparks, 1978; Wohletz, 1986; Houghton and Wilson, 
1989; Morrissey et al., 2000; Houghton et al., 2003; Austin-Erickson et al., 2008]. The density and 
textures of juvenile clasts consequently reflect how far advanced or homogeneous (on a 
gross scale) vesiculation was at the moment of water-induced quenching and fragmentation 
[Houghton and Wilson, 1989]. 
Eruption processes in the submarine environment are not as well known as are 
their subaerial counterparts, although external water clearly will influence eruption 
processes and deposition [Kano, 2003]. The hydrostatic pressure of the overlying water 
column can affect the expansion and release of magmatic volatiles, and also the 
development of a steam phase [White et al., 2003]. The high heat capacity and thermal 
conductivity of water compared to that of air can cause rapid quenching of the clast 
exterior and, if melt contacts water, quench granulation can occur [Kokelaar, 1986; Schmid et 
al., 2010]. However, with high eruption rates, the degree of accessibility of water to melt 
across the high-velocity jet remains unclear [Kano, 2003; White et al., 2003; Allen and McPhie, 
2009]. As the degree of magmatic volatile-driven explosivity has been considered to reduce 
with increasing hydrostatic pressures [Fisher and Schmincke, 1984; White et al., 2003], 
density/vesicularity studies of submarine erupted pyroclasts can potentially provide insights 
into the influence of water on submarine eruption processes. 
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  For subaerial volcanoes, sampling for density measurements can usually be 
controlled stratigraphically, with individual samples collected to represent single eruptive 
pulses, or short time periods within sustained eruptions [Houghton and Wilson, 1989; Gurioli 
et al., 2005; Carey et al., 2009]. For submarine pyroclastic deposits, in contrast, there is 
generally less control because sampling is restricted in scope, and often confined to 
dredging of the top meter or so of the seafloor. In addition the greater density of water 
compared to that of air may produce density and clast size stratified pumice deposits [Kano, 
2003], which can be reworked and sedimented by ocean currents. A comparison of 
subaerial and submarine explosive volcanism involving similar magmas can therefore 
provide valuable insights not just into the explosive processes, but also regarding the 
reliability of dredged samples as recorders of eruptive processes in modern subaqueous 
settings.  
 Here we present pyroclast density data from four volcanoes along the Kermadec 
Arc: Raoul, Macauley, Healy, and a new caldera volcano near Raoul, here informally named 
‘Raoul SW’. Samples were collected from subaerial sections on Raoul and Macauley islands, 
and by dredging around Macauley, Healy and Raoul SW volcanoes. The parental magmas 
have broadly similar chemical compositions [Smith et al., 2003a, 2006; Wright et al., 2006; this 
study], and so the intrinsic magma properties that control vesiculation processes are likely 
to have been similar. We collected suites of 16-32 mm sized pyroclasts for density and 
angularity measurements and analyzed the major element chemistry of decimetre-sized 
clasts from the same locations. By comparing samples collected from known stratigraphy in 
the subaerial environment with stratigraphically uncontrolled samples collected by dredging 
in the submarine environment, we show that simple density studies can have wide 
implications for submarine explosive eruption processes and for evaluation of dredge 
samples in physical volcanology studies. Here we present the initial results of an ongoing 
study of vesiculation and eruption processes at these volcanoes; detailed textural and 
geochemical studies and eruption modeling will be published in subsequent papers. 
 
3.2. Geological Setting and Sample Collection 
 
The southern, ~1200 km long Kermadec segment of the intra-oceanic Tonga-Kermadec 
arc (Figure 3.1) consists dominantly of submarine volcanoes, with only Raoul, Macauley, 
Curtis and L’Esperance volcanoes between ~29 ºS and 31 ºS being partially emergent. As 
seen in the Izu-Bonin [Tamura and Wysoczanski, 2006], Mariana [Wade et al., 2005] and South 
Sandwich arcs [Leat et al., 2003], Kermadec eruptive products are bimodal in composition 
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 [Smith and Price, 2006; Wright et al., 2006]. Although basalt dominates, dacite and rhyolite 
account for significant volumes, especially in recent eruption products [Lloyd and Nathan, 
1981; Lloyd et al., 1996; Worthington et al., 1999; Smith et al., 2003a, 2006, 2010; Wright et al., 
2003, 2006]. Silicic volcanism in the Kermadec arc is associated with caldera formation, in 
water depths of up to 1000-1500 m [Wright et al., 2003, 2006].  
 Samples for this study were collected in 2004 and 2007 on voyages of the R.V. 
Tangaroa (cruises NZAPLUME III and TAN0706, respectively). In 2004, sample suites 
were collected from individual eruption deposits from subaerial exposures on Raoul Island 
using the eruptive stratigraphy of Lloyd and Nathan [1981]. In 2007, further subaerial 
samples were collected on Raoul and Macauley islands, while submarine samples were 
dredged around Macauley, Healy and Raoul SW volcanoes, as detailed below.  
 
3.2.1. Raoul Volcano 
 
Raoul Island is the subaerial 30 km² portion of a >200 km³ volcano which rises 900 m 
from base level on the Kermadec ridge (Figure 3.2a). The last ~4 kyr of volcanism has 
been dominated by dacitic explosive eruptions, associated with formation of the Denham 
and Raoul calderas [Lloyd and Nathan, 1981; Worthington et al., 1999; Figure 3.2a, b]. Pumices 
from five deposits (Table 1) that contrast in eruptive size and style but individually have 
narrow compositional ranges [Smith et al., 2006, 2010], are documented in this study. 
Sample sets of ~100-150 clasts from the 16-32 mm sieve fraction were collected from 
multiple stratigraphic levels within fall deposits at sites representative of the eruptive styles 
(Figure 3.2b). Samples were collected from three large, dry-type, sheet-forming (sub-plinian 
to plinian) fall deposits (Matatirohia, Oneraki, Fleetwood) and the smaller, dry-type cone-
forming Green Lake Pumice and wet-type Rangitahua deposit (Table 1, Figure 3.3). In 
addition, lapilli-to block-sized pumiceous fragments were sampled from lacustrine 
sediments ~2 m below the basal contact of the Green Lake Pumice (Figure 3.3d), 
interpreted to be pumiceous carapace that spalled off a proto-Green Lake lava dome [e.g., 
Mahood, 1980; Clough et al., 1981; Wilson and Walker, 1985]. 
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Figure 3.1. Regional tectonic setting of the Kermadec arc resulting from the subduction of the Pacific plate 
under the Indo-Australian plate. Relative Pacific-Australian plate motions (mm/yr) shown by dashed arrows 
are from DeMets et al. [1994]. Dark grey triangles represent basaltic to andesite volcanoes and light grey circles 
represent silicic caldera volcanoes. The Kermadec arc (marked by the line of volcanoes) extends from the 
North Island of New Zealand to the intersection of the Louisville Ridge seamounts with the Kermadec 
trench.
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 Table 3.1. Subaerial eruptive units on Raoul Island sampled for this study [after Lloyd and Nathan, 
1981]. 
Eruption Age (ka)a Source area Eruption style  
Rangitahua 0.37 Raoul caldera Initial phreatic activity followed by small-
scale, intermittent phreatomagmatic 
cone-building 
Green Lake  1.4 Raoul caldera Moderate-scale pumice cone building 
eruption within the caldera 
Pre-Green Lake 
floated pumice 
>1.4  Raoul caldera Effusive dome extrusion beneath a 
proto-Green Lake 
Fleetwood 2.2 Denham caldera Vigorous plinian explosive activity with 
early pumice fall deposits followed by 
voluminous ignimbrite 
Oneraki 3.15 Raoul caldera Large pumiceous fall deposit and minor 
pyroclastic flows 
Matatirohia 3.7 Raoul caldera Large pumiceous fall deposit and 
pyroclastic flows 
aConventional Libby 14C age [from Lloyd and Nathan, 1981] 
 
 
 
 
 
 
Figure 3.3. Representative subaerial pyroclastic deposit types from Raoul and Macauley Islands. (a) Coastal 
exposure of the large, sheet forming, dry-type Oneraki fall deposit, Raoul Island. Spade is ~1 m. (b) Well 
sorted, oxidized, dry-type Matatirohia fall deposit, Raoul Island. Scale is 14 cm. (c) The wet-type Rangitahua 
deposit, Raoul Island, showing poor sorting, abundant fine ash and breadcrusted pyroclasts. Scale is 26 cm. 
(d) The floated Green Lake pumice deposit from Raoul Island, interpreted to be the product of a subaqueous 
effusive dome eruption. The large pumice block has radially orientated prismatic jointing and is draped by 
younger lake sediments (denoted by the dashed line). Scale is 80 cm. (e) Coastal cliff exposure (~40 m high) 
of the large, wet erupted Sandy Bay Tephra on Macauley Island overlying basaltic lavas. (f) Close-up image of 
the Sandy Bay Tephra matrix showing irregular hollows (some examples arrowed) inferred to represent air 
bubbles trapped during deposition in a water-rich ash matrix. Scale is 14 cm. 
 
 
 
82
 3.2.2. Macauley Volcano 
 
Macauley Island is the 3 km2 emergent portion of a large submarine volcano (Figure 3.2c). 
The oldest rocks on the island are basaltic lavas and pyroclastic deposits which are overlain 
by up to 100 m of non-welded dacitic Sandy Bay Tephra (Figure 3.3e), dated at 6.3 14C ka 
[Lloyd et al., 1996]. The Sandy Bay Tephra is mostly poorly stratified ignimbrite which 
shows field evidence for syneruptive mixing with water and wet emplacement (Figure 3.3f), 
including ash coatings on large clasts and a locally vesicular matrix [as in the phase three 
deposits of the Minoan eruption: Sparks and Wilson, 1990]. Volume estimates of the Sandy 
Bay Tephra range from 1-5 km3 to 100 km3 [Latter et al., 1992; Lloyd et al., 1996; Shane and 
Wright, 2011], but there is little control on this figure. Macauley caldera is ~11 x 8 km, and 
reaches a maximum depth of ~1100 m below sea level (Figure 3.2c). Caldera formation is 
linked to the Sandy Bay Tephra eruption [Lloyd et al., 1996; Smith et al., 2003b; Wright et al., 
2006]. EM300 multibeam mapping (Figure 3.2c) shows the pre-caldera edifice morphology 
around Macauley Island controls the submarine dispersal of pumice, channelling material 
via canyons to the north, east and south. Backscatter imagery, submarine sampling and 
seismic reflection surveys [NIWA, 2007] indicate that submarine pumice deposits are 
extensive and thick on the volcano flanks (Figure 3.2c). The western flanks display a series 
of ~100 m high concentric ridges, interpreted as mega-ripple bed-forms associated with 
syneruptive Sandy Bay Tephra density flows and some penecontemporaneous edifice 
failure [Wright et al., 2006]. Pumice samples were collected at four sites along the east coast 
of Macauley Island, and dredged from eight sites on the submarine caldera rim and outer 
flanks (Figure 3.2c).  
 
3.2.3. Healy Volcano 
 
Healy volcano is a wholly submerged composite structure consisting of an edifice to the 
SW at 1150 m water depth and a caldera on the NE mid-lower flanks [Figure 3.2d; Wright 
and Gamble, 1999; Wright et al., 2003]. The caldera is ~2-2.5 km wide with walls rising 250-
400 m above the ~1700 m deep floor. Previous work, including sidescan imagery and 
dredge sampling, showed that the outer flanks, caldera floor and walls, and main edifice are 
mantled with pumice deposits distributed over >50 km² [Wright, 1997, 2001; Wright and 
Gamble, 1999; Wright et al., 2003]. The presence of the caldera and widespread pyroclastic 
deposits led Wright et al. [2003, 2006] to suggest that a large recent eruption produced 10-15 
km³ of pyroclastic material and was associated with caldera collapse. Pumice clasts were 
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 dredged at six sites in the NW and SE sectors to investigate variations with distance from 
the caldera, from four sites within the caldera, and from two sites on the edifice (Figure 
3.2d). 
 
3.2.4. Raoul SW Volcano 
 
A new caldera volcano (informally referred to here as Raoul SW) was serendipitously 
discovered on the 2007 voyage by EM300 mapping ~20 km SW of Raoul Island (Figure 
3.2a). The caldera has a diameter of ~4 km, a floor depth of 1200 m below sea level with 
~500 m high walls, and is part of a larger edifice which extends SE beyond the surveyed 
area (Figure 3.2a). Opportunistic dredging at two sites recovered exceedingly fresh, highly 
vesicular pumice. The pristine morphology of Raoul SW volcano and the fresh appearance 
of the pumice suggest that this has been the site of recent volcanism. 
 
3.3. Analytical Methods 
 
Clasts from the 16-32 mm size fraction were used to characterize the density/vesicularity 
spectrum from each sample set, following Houghton and Wilson [1989]. Samples were rinsed, 
scrubbed, soaked in deionized water and dried at 105 °C for >48 hours. Each clast was 
visually inspected and angularity [using the visual classification scheme of Powers, 1953], 
colour, and broad textural characteristics were recorded. A silicone waterproofing spray 
was used to seal vesicles against water ingress during density measurement. Clasts with 
large (>1 mm) or irregular vesicles exposed at the surface were also wrapped in Parafilm™. 
Densities of clasts were then measured by comparing their weights in air and water, using 
Archimedes’ principle [Houghton and Wilson, 1989]. Assessments of the measurement 
repeatability and the uncertainties or biases in the data introduced by the Parafilm coating 
are presented in Appendix C. Individual measurements were grouped into 0.05 g/cm3 bins. 
The maximum difference observed with repeated measurements of single clasts was ~0.03 
g/cm3, therefore at most shifting an individual measurement by one density bin in the 
histograms (see Appendix C). Vesicularities were calculated using a dense rock equivalent 
(DRE) value of 2.4 g/cm3 on the basis of bulk chemistry and low crystal content [matching 
Klug et al., 2002]. Single decimetre-sized clasts were selected for geochemical analysis from 
the same locations as for density sampling. Weathered surfaces were removed, before 
crushing to <15 mm chips. To remove seawater contamination, the chips were soaked and 
repeatedly boiled in distilled water until a solution of silver nitrate added to the water no 
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 longer precipitated silver chloride [following Tani et al., 2005]. Cleaned chips were dried, 
then powdered in an agate swing mill. The majority of whole rock major element analyses 
used an ARL® 8420+ XRF spectrometer at the Open University, Milton Keynes, United 
Kingdom. Twenty samples were analyzed using similar methods on a Philips® PW2400 
XRF spectrometer at the University of Canterbury, New Zealand. Major element 
compositions were determined by the analysis of fused lithium metaborate glass discs 
following the methods of Ramsey et al. [1995]. Two standard deviation (2 SD) analytical 
precision (relative %) was determined by 10 replicate analyses of standards: SiO2 ± 0.2, 
TiO2 ± 2, Al2O3 ± 0.7, Fe2O3 ± 0.3, MnO ± 3.5, MgO ± 2, CaO ± 1.2, Na2O ± 1.5, K2O 
± 1.3, P2O5 ± 3 [Barker, 2010]. Raw data for samples, standards and repeated samples are 
presented in Appendix D. 
 
3.4. Results 
 
3.4.1. Pyroclast Density Spectra 
 
3.4.1.1. Raoul Volcano 
 
Pumice clasts from the three large, dry-type pyroclastic fall deposits (Matatirohia, Oneraki, 
Fleetwood) are sub-angular to sub-rounded and highly vesicular, with vesicle shapes 
dominantly spherical but ranging from weakly to strongly elongate. Vesicle sizes are 
typically homogeneous and <1 mm, with <10% of clasts displaying large open vesicles or 
variations in vesicle sizes. Density histograms from most stratigraphic levels display narrow 
unimodal distributions with peaks of 0.35-0.45 g/cm³ (Figure 3.4). Occasional dense 
outliers consist of dark pumice, or clasts containing large inclusions of mafic material. 
Variations in density with stratigraphic height are small, with the exception of the topmost 
Oneraki sample which has a subordinate population of denser grey-brown microlite-rich 
angular clasts. These clasts are considered to be juvenile as they have identical mineralogy 
to the lower density pumice, and their angular shapes and fragility precludes them being 
recycled welded tuff. 
 Clasts from the cone-forming, dry-type, Green Lake Pumice deposits show density 
histograms that are similar to those from the sheet-forming deposits, with a mode at ~0.42 
g/cm3 (Figure 3.5a). The floated pumice blocks from the lacustrine sediments are 
conspicuously different. They are blocky, sub angular, pale to mid-grey in colour (Figure 
3.3d), with a mean density of 0.88 g/cm3 (Figure 3.5b). Eight of 56 fragments measured are 
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Figure 3.4. Density/vesicularity histograms of sample sets from pyroclastic fall deposits of the three dry-type 
sheet-forming eruptions of Raoul volcano. The dotted red line represents the average density of pumice from 
all Raoul dry-type eruptions (excluding the high-density mode for sample RI12/p01) and is interpreted to 
represent end-member magmatic volatile-driven fragmentation. (a) Density/vesicularity distributions of 
samples collected at 0.5-1 m intervals over a 4.5 m sequence of the Oneraki fall deposit. Sample set RI12/p01 
is from the top of the fall deposit and RI12/p05 is from the near-basal material, but the base of the deposit is 
not exposed at this site. (b) Density/vesicularity distributions of samples collected at ~3-5 m intervals over a 
~17 m sequence of the Matatirohia fall deposit. Sample set RI06/p01 is from the near-basal fall material and 
sample set RI06/p04 is the highest material sampled. (c) Density/vesicularity distributions of samples 
collected from the Fleetwood fall deposit. Sample set RI13/p01 is from 30 cm above the basal contact. 
Sample sets RI15/p01-p03 are from the top to base of a 3 m-thick fall deposit. All vesicularities were 
calculated using a dense rock equivalent (DRE) value of 2.4 g/cm3. Rounding descriptors are from Powers 
[1953]. See Figure 3.2b for sample locations.  
 
 
pieces of larger blocks with densities >1 g/cm3, despite evidence that they have been 
dispersed as floating blocks before sinking into place. Rangitahua clasts range from light to 
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Figure 3.5. Density/vesicularity histograms of samples from small Raoul volcano eruptions including two 
cone-forming and one effusive eruption. The dotted red line represents the average density of pumice from 
all dry-type eruptions of Raoul volcano, as in Figure 3.4. The dashed blue line represents the average density 
of pumice from the Green Lake floated pumice unit (RI08/p07). (a) Density/vesicularity distributions of 
samples from the dry-type Green Lake Pumice deposit. Sample set RI08/p01 is from the first erupted 
material, and sample sets RI18/p08 and RI05/p01 is from the middle of the pyroclastic fall sequence. (b) 
Density/vesicularity distribution of fragments from pumiceous blocks in lacustrine sediments below the 
Green Lake Pumice (see text for description). (c) Density/vesicularity distributions of samples from the wet-
type Rangitahua deposits. Samples were collected from within ~10 m of the basal contact of the cone, 
although the base is no longer exposed [but reported by Lloyd and Nathan, 1981]. See Figure 3.2b for sample 
locations and Figure 3.4 for other details. 
 
 
 
dark grey and lack oxidation colours (Figure 3.3c). The 16-32 mm sized clasts are sub-
rounded to angular, and contain evenly distributed small vesicles, with <5% of clasts 
having coarse (>1 mm) vesicles, while larger clasts typically are breadcrusted. Rangitahua 
density spectra (Figure 3.5c) differ from other Raoul examples, with a broad mode at ~1.00 
to 1.10 g/cm3 and a wide density range, corresponding to vesicularities of 10-80%.  
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3.4.1.2.  Macauley Volcano 
 
Pumices from the subaerial Sandy Bay Tephra are very pale to dark grey-brown, sparsely 
porphyritic (<1-3 vol. % crystals), and lack thermal oxidation colouration (Figure 3.3f). 
Vesicle sizes are typically uniform, but there is a range of shapes from spherical bubbles to 
fibrous tubes. Most pumices display some vesicle elongation with small crystals often co-
aligned. Clasts with extremely elongate vesicles comprise ~5% of the sample suite. Density 
histograms show a mode at ~0.40 to 0.45 g/cm³ with a small tail of denser clasts (Figure 
3.6a), in similar fashion to dry-type eruptions from Raoul Island. Most dredged pumice 
clasts from Macauley are pale to dark brown and have <1-3 vol. % crystals. In contrast to 
the subaerial samples, their density spectra display two modes; at ~0.20 to 0.25 g/cm3, and 
between 0.50 to 0.85 gm/cm3 (Figure 3.6b, c). The dredged clasts also display 
commensurate variations in texture and angularity [Rotella et al., 2013b (Chapter 5)]. Clasts 
from the volcano flanks are dominantly rounded with very low density modes, equivalent 
to vesicularities of ~90-92% (Figure 3.6b), accompanying homogeneous spherical <3 mm 
diameter vesicles. Volcano flank clasts also have a long tail of denser sub-angular to angular 
clasts with homogeneous textures. Clasts from the caldera rim, in contrast, are dominated 
by modal peaks between 0.50 and 0.85 g/cm³ (Figure 3.6c). In both the flank and rim 
dredges, clasts with densities spanning this range commonly contain elongate or stretched 
vesicles which, at an extreme, form tube pumice. Pyroclasts from caldera rim dredge D30 
show a particularly wide density distribution, with no dominant mode and a dense tail up to 
2.20 g/cm3, comprising distinctive grey to black angular lava fragments. 
 A small proportion of the dredged 16-32 mm clasts and many of the larger blocks 
display density and textural gradients with end-members matching those of single clasts 
from the low and high density modes (Figures 3.6 and 3.7). The denser end is blocky, 
jointed, with vesicles stretched perpendicular to the long axis of the clast, and the more 
vesicular end is rounded, with an even, non-stretched fabric [Rotella et al., 2013b (Chapter 
5)]. These textural gradients occur in some cases over <2-3 cm (Figure 3.7), and are not 
observed on this scale in subaerial pumices. These "gradient clasts" typically have whole-
clast densities which fall between the two modes identified on the Macauley submarine 
density spectra (Figures 3.6b, c).  
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Figure 3.6. Density/vesicularity distributions of samples from Macauley volcano. The dotted red and dashed 
blue lines represent the average density of pumice from all Raoul dry-type eruptions and the Green Lake 
floated pumice respectively (see Figures 3.4 and 3.5). (a) Density/vesicularity distributions of sample sets 
from the Sandy Bay Tephra, sampled from Macauley Island. Note the narrow unimodal peak, similar to that 
from dry-type eruptions on Raoul Island, despite evidence that it erupted through water. (b) 
Density/vesicularity distributions of sample sets from submarine dredged pyroclasts from the outer volcano 
flanks. (c) Density of sample sets dredged from the caldera rim. Note that few clasts from the submarine 
sample sets correspond with the modal peak observed in the subaerial Sandy Bay Tephra deposits. See Figure 
3.2c for sampling and dredge locations and Figure 3.4 for other details. 
 
 
3.4.1.3.  Healy Volcano 
 
Dredged clasts from Healy volcano show a wide range of colours and textures, described 
by Wright et al. [2003, 2006]. Most pumices are pale-grey to white, sub-rounded to well 
rounded and sparsely porphyritic (typically <5, rarely <15 vol. % crystals). Clasts display a 
range of vesicle sizes and shapes, with a continuum of sizes from microscopic to large (up  
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Figure 3.7. Seafloor dredged pyroclasts from around Macauley volcano displaying gradients in 
density and hence vesicularity. These clast types are labelled ‘mixed angularity’ on the density 
histograms (Figure 3.6) as they typically have one end which is angular with higher density, and one 
end which is rounded with lower density. The dashed red line outlines regions isolated for density 
measurements. The rounded and angular ends have densities that correspond to the low-density 
mode and dense upper tail, respectively, in histograms from sample sets dredged from the caldera 
flanks (Figure 3.6b). 
 
 
to 30 mm) irregular open vesicles, and fabrics from homogeneous to fibrous. A small 
proportion (<5%) of the pumices show light pink oxidation colouration. The ‘grey-type’ 
pumice of Wright et al. [2003] is common in all dredge samples but is more abundant on the 
SE slopes of the volcano and on the edifice, dominating at sites D46 and D48. The darker 
grey colouration, often banded, is due to extensive microlite growth [Wright and Gamble, 
1999]. Most grey-type clasts are finely vesicular with denser samples having a fibrous or 
blocky texture. The ‘yellow/grey-type’ pumice of Wright et al. [2003] occurs in <5% of all 
samples. This pumice is finely vesicular and crystal-poor, typically displaying a highly planar 
fabric.  
 Healy density histograms show a dominant mode at 0.35-0.50 g/cm3 (Figure 3.8), 
with a subordinate tail of higher density clasts, in parallel with the relative content of 
pumice types. The low-density mode contains mainly rounded pale-grey to white type 
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Figure 3.8. Density/vesicularity histograms of samples from Healy volcano. The dotted red and dashed blue 
lines represent the average density of pumice from all Raoul dry-type eruptions and the Green Lake floated 
pumice respectively (see Figures 3.4 and 3.5). Pink numbers above the histogram represent the number of 
pink-oxidized clasts in the given density bins. Note that the dominant low density mode is slightly lower than 
or very close to that of subaerial dry-type eruptions from Raoul volcano. Sample sets are from (a) the caldera 
floor, (b) the northwestern caldera flank, (c) the southeastern caldera flank, (d) a cone on the Healy edifice 
and (e) a small caldera on the Healy edifice. See Figure 3.2d for dredge locations and Figure 3.4 for other 
details.  
 
pumices (including all the pink-oxidized clasts: Figure 3.8). Clasts defining the denser tails 
or modes on histograms, are dominantly grey-type and yellow-grey blocky clasts. There is 
no systematic variation with distance from the caldera rim, with the exception of dredges 
D45 and D46 from the SE flank which contain an increased proportion of dense grey 
pumices and lava fragments. 
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 3.4.1.4.  Raoul SW Volcano 
 
Raoul SW volcano pumices are generally sub-rounded to rounded, white to very pale-
brown and sparsely porphyritic, with generally <5 vol. % crystals. As at Healy, ~5% of the 
clasts display a light pink colouration, interpreted to reflect thermal oxidation. Vesicles are 
mostly homogeneous in size and <1 mm, with <10% of clasts containing large vesicles (up 
to 4-5 mm), typically around crystal clusters or inclusions. Density spectra are unimodal at 
0.35-0.50 g/cm3 (Figure 3.9), but with a minor tail to ~0.90 g/cm3 and subordinate dense 
outliers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Density/vesicularity histograms of samples 
from two dredge hauls from Raoul SW volcano. The dotted 
red and dashed blue lines represent the average density of 
pumice from all Raoul dry-type eruptions and the Green 
Lake floated pumice respectively (see Figures 3.4 and 3.5). 
Pink numbers above the histogram are the number of pink-
oxidized clasts in the given density bins.  Note that the 
dominant density mode for Raoul SW volcano is similar to 
that for subaerial dry-type eruptions from Raoul volcano. 
See Figure 3.2a for dredge locations and Figure 3.4 for 
other details. 
 
 
3.4.2. Whole Rock Geochemistry 
 
Whole rock major element chemistry was used to screen samples for chemical diversity 
between eruptions on Raoul and Macauley Islands, and within dredged samples from 
Macauley, Healy and Raoul SW volcanoes. As previously shown by Smith et al. [2006, 2010], 
individual eruptions from Raoul Island form distinct groups between ~66.5-69.5 wt % 
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 SiO2 (Figure 3.10a). The chemistry of Sandy Bay Tephra pumices from Macauley is also 
consistent with published data [Smith et al., 2003a], forming a tight field between ~70.5-71.0 
wt % SiO2 (Figure 3.10b). In contrast, clasts from what was inferred to be a Sandy Bay 
Tephra blanket on the submarine flanks of Macauley show multiple groupings different to 
the Sandy Bay Tephra [Figure. 3.10b, d; Rotella et al., 2013b (Chapter 5)]. Dredged pumices 
span 66.0-72.5 wt % SiO2, with only four of 34 clasts similar to Sandy Bay Tephra 
compositions. The most evolved pumices (71.5-72.5 wt % SiO2: Figure 3.10b) are from the 
northern caldera rim (dredge D30). Two fragments of crystal-poor lava (not included in 
this density study) from this site also have a similar SiO2 range. In total there are five main 
compositional groups spanning the range observed from both Raoul and Healy volcanoes 
(Figure 3.10b, d). In contrast, Healy clasts have a narrow compositional range (69.5-71.5 wt 
% SiO2: Figure 3.10c), despite the variety of textures, densities and colours. Raoul SW 
volcano samples are the most evolved, defining a narrow compositional range between 
~73.5-75.0 wt % SiO2 (Figure 3.10d). 
 
3.5. Discussion 
 
3.5.1. Clast-Density Variations in Raoul Subaerial Eruptions 
 
The dry-type eruptions investigated from Raoul varied from cone-building (e.g. Green Lake 
Pumice) to voluminous caldera forming events (e.g., Fleetwood). Despite variable eruption 
sizes, there is little variation in clast-density distributions (Figures 3.5 and 3.6) with 
unimodal peaks at 0.40-0.45 g/cm3. These vesicularity patterns are typical of dry-type 
eruptions driven by magmatic fragmentation and emphasize the uniformity of pyroclasts 
produced by this eruption style. 
 Denser clasts in subaerial deposits from Raoul also highlight the controls of 
eruption rate and water interaction on pyroclast density spectra, with dense clasts occurring 
in three circumstances. First, the late-stage Oneraki deposit (Figure 3.4a) has a denser mode 
of fragments with abundant microlites, inferred to represent still liquid, but partly degassed 
material that accumulated on the vent walls and was dislodged by late-stage slumping [Lloyd 
and Nathan, 1981]. Second, Rangitahua clasts show a broad range in vesicularity (Figure 
3.5c) and many large clasts are breadcrusted, suggesting that water played an important role 
in the eruption. The abundance of microlites in Rangitahua clasts [Smith et al., 2006] 
suggests the magma was emplaced at shallow levels and partly degassed prior to interaction 
with water [cf. Houghton et al., 1987, 2010]. Third, the pumiceous clasts in sediments  
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Figure 3.10. Major element variations of clasts analyzed from the four Kermadec volcanoes (see Figure 3.2 
for sample locations) (a) Raoul Island (b) Macauley volcano, including subaerial deposits on Macauley Island 
(Sandy Bay Tephra) and dredge samples grouped by their relative location. Sandy Bay Tephra compositions 
from Smith et al. [2003b] are from juvenile pumices only. (c) Healy volcano dredge samples grouped by their 
relative location and clast type. (d) Summary diagram of all the samples including data from Raoul SW 
volcano. The dotted grey field denotes the compositional range of Macauley Island subaerial-sampled Sandy 
Bay Tephra pumices from this study and from Smith et al. [2003b]. The numbered dashed green fields (labeled 
here for convenience only) denote the five main compositional groups identified from submarine dredged 
pyroclasts from Macauley volcano [Barker, 2010]. Note the change in scale between diagrams.  
 
proto-Green Lake are inferred to be the products of extrusive activity of largely degassed 
dome material into the lake, where detachment and flotation was by buoyancy forces. 
These clasts are interpreted to be broken fragments of larger floated blocks which had 
heterogeneous vesicularity textures, demonstrating that, provided the original host clasts 
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 had an overall bulk density of <1 g/cm3, material of density >1 g/cm3 can still be dispersed 
by flotation in subaqueous eruptions if later fragmentation occurs. 
 
3.5.2. Submarine Eruptions: Does Water Depth Control Vesicularity? 
 
In the submarine deposits, two contrasting end-member density spectra occur, which are 
interpreted to reflect contrasting dominant eruption styles. These contrasts are exemplified 
by the dominantly unimodal density spectra from Macauley Island (Sandy Bay Tephra) and 
the majority of dredges from Healy and Raoul SW volcanoes versus the bimodal density 
spectrum from Macauley dredge samples (Figure 3.11). 
  
3.5.2.1.  Unimodal Density Spectra: Macauley Subaerial Samples, Healy and Raoul SW Submarine 
  Samples 
 
To a first order, density spectra from the subaerial emplaced (but wet-erupted) Sandy Bay 
Tephra from Macauley and the Healy and Raoul SW volcano dredge samples show similar 
distributions (Figure 3.11), despite contrasting settings. The density spectra are similar also 
to those for subaerial dry-type eruptions on Raoul. For all examples described, the 
implication is that the magma was actively foaming on eruption and ruptured over a 
restricted range of melt to gas ratios [cf. Gardner et al., 1996] regardless of the eruption rate 
or the presence of water. For highly explosive submarine eruptions (Healy, Raoul SW) this 
implies that the overlying water column has little apparent effect on pyroclast density 
spectra. Many factors have been proposed to influence the behaviour of submarine 
explosive eruptions, including water depths, initial volatile contents and eruption rates [e.g., 
Kano, 2003], and models have also been proposed from deposits now exposed on land [e.g., 
Allen and McPhie, 2009]. However, several inconsistencies arise when considering theoretical 
constraints on the formation of highly vesicular pumice at these settings. As shown by 
Wright et al. [2003] for Healy, vesicularities of 70% can be theoretically achieved at pressures 
equivalent to 600 to 900 m depth with initial volatile contents of 3 to 4 wt % H2O, 
respectively (calculated using the gas law assuming that water vapour behaves as an ideal 
gas). Vesicularities of ~70% can be achieved at up to 1100 m water depth given initial 
volatile contents of ~5 wt % H2O, considered to be the upper limit for Healy magmas 
[Saunders, 2009]. The Healy density data, however, show that many pyroclasts have 
vesicularities >80% (Figure 3.11). Although the initial vent depths and volatile contents are 
not constrained for Macauley and Raoul SW, their density spectra are also inconsistent with  
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Figure 3.11. Summary density/vesicularity histograms 
comparing all 16-32 mm pyroclasts from the four Kermadec 
volcanoes. The dotted red and dashed blue lines represent 
the average density of pumice from all Raoul dry-type 
eruptions and the Green Lake floated pumice respectively 
(see Figures 3.4 and 3.5). Note the strong correlation of the 
modal peaks for Raoul, Macauley subaerial (Sandy Bay 
Tephra), Healy and Raoul SW volcanoes and the contrasting 
bimodal distribution for Macauley submarine dredged 
samples (see text for discussion). 
 
 
water depths exceeding 500 m using the same theoretical assumptions considered by Wright 
et al. [2003], requiring a reduction in hydrostatic pressure or unreasonably high dissolved 
volatile contents. Experimental studies, however, suggest that explosive fragmentation may 
not be limited by the oceanic water depths considered here, given rapid decompression 
rates and sufficiently high volatile contents, exceeding ~4 wt % H2O [Stix and Phillips, 
2012]. 
 A significant feature of the submarine pumices is the pink colouration in some 
clasts from Healy and Raoul SW volcanoes. Pink colouration, common in subaerial 
pumices, reflects ferric iron and growth of haematite whilst still hot in air [Tait et al., 1998; 
Moriizumi et al., 2009]. In the experiments of Tait et al. [1998], pumice of similar 
composition to our samples, oxidized pink after 60 mins at 750 ºC or 5 mins at 800 ºC. If 
the pink colouration in our pumices reflects similar heat retention, this suggests that some 
pumices reached air whilst still hot. From this, we infer that the host volcanoes erupted 
with sufficient vigour that a portion of the eruption jet could penetrate the water column. 
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 Exactly how an eruption plume could be established in such a setting is subject to ongoing 
investigation, but our data highlight two key points. First, high pumice vesicularities occur 
in the submarine environment despite the overlying water column. Second, if pyroclasts 
can pass through the water column in an eruption jet without significant cooling, parts of 
the jet must reach the air (even if temporarily). In large subaerial explosive eruptions, vent 
pressures can theoretically reach ~10 MPa [Kieffer, 1995], equivalent to ~1 km of water 
depth in the submarine environment. Such conditions may occur only periodically or, once 
an eruption column is established, in the higher-velocity core of the jet. A major 
implication of this study is that conditions exist under which a large water column makes 
little recognizable difference to the density spectra of pumice from explosive submarine 
eruptions. Indeed, submarine erupted pyroclasts may be hard to distinguish from their 
subaerially erupted counterparts when preserved in the marine sedimentary record. 
 
3.5.2.2. Bimodal Density Spectra: Macauley Submarine Samples  
 
The Macauley submarine density spectrum has a dominant mode of extremely vesicular 
clasts, with densities lower than all but a small proportion of subaerial sampled Sandy Bay 
Tephra (Figure 3.11), forming a density population rarely matched by other volcanoes in 
this study. In addition, there is a broader and less prominent mode of moderately vesicular 
material (Figure 3.6), with stretched vesicles. Clast shapes also reflect the bimodal 
distribution, as both end-member angularities and densities are observed within single 
gradient-type clasts [Figure 3.7, Rotella et al., 2013b (Chapter 5)]. Given the broad shape of 
the density spectrum with multiple modal peaks and the range of compositions (Figure 
3.10), we suggest that multiple eruptions of diverse styles have contributed to surficial 
seafloor deposits around Macauley caldera. 
 The presence of strong textural and density gradients in many clasts imply that they 
were formed in a unique fashion, not observed in the subaerial environment. The 
distinctive textures of Macauley gradient clasts indicate they are pieces of larger clasts 
which formed in a distinctive submarine eruptive style [termed 'Tangaroan' by Rotella et al., 
2013b (Chapter 5)]. In this eruptive style the magma does not explosively fragment, but 
instead rises as a foam of ~60% vesicularity (~0.95 g/cm3), and blebs passively detach due 
to buoyancy forces. Upon meeting water, a low-permeability rind forms on the clast rim, 
trapping volatiles and allowing the interior of the clast to remain molten where vesicles can 
expand and grow under decreasing hydrostatic pressure as the blebs ascend [Rotella et al., 
2013b (Chapter 5)]. Bubbles within the clast can grow and coalesce allowing the interior to 
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 reach extreme vesicularities of >90%, which are rarely observed in subaerial pumices. 
Disintegration of the blebs then yields the clast population which we have sampled and 
measured, with the lighter mode representing clast interiors, the denser mode the rims, and 
the gradient clasts being fragments from small blebs where the contrasting textures are 
preserved over small distances. This distinctive Tangaroan eruptive style helps partly 
explain the bimodality of the density spectra, and the unusual low density mode (and the 
lack of stretching and shear in the vesicle fabric) at Macauley. 
In addition, given the ranges of chemistry and textures in dredged samples from 
Macauley, it is inferred that other eruptions have contributed to the surficial seafloor 
deposits. First, blocky angular pumices from caldera rim dredge hauls that lack a textural 
gradient (even in coarse clasts) with vesicularities generally <60% but as low as 5-10% are 
consistent with derivation from effusive dome-forming eruptions [cf. Allen et al., 2010]. 
Second, submarine deposits include sparse (highly vesicular) pumices which have a 
homogeneous but stretched vesicle texture as commonly observed in Sandy Bay Tephra 
pumices. Although Sandy Bay Tephra pumices occur in the submarine sample suites, they 
are uncommon (Figure 3.10b) and other pumices with similar textural and vesicularity 
characteristics have different chemistries to that of the Sandy Bay (Figure 3.10b). This 
implies that there may have been more than one shallow-water to subaerial explosive 
eruption contributing to the seafloor pumice blanket at Macauley, although the Sandy Bay 
Tephra is the only felsic deposit preserved on Macauley Island [Lloyd et al., 1996].  
Our findings highlight several important features about the Macauley submarine 
deposits. First, the wide range of compositions, shapes and textures within the submarine 
sample suites imply that Macauley has an eruptive and sedimentation history that is more 
complex than previously inferred. Second, the Macauley Island subaerial deposits represent 
only a small portion of the volcano’s history. Third, much of the seafloor pumice blanket 
around Macauley reflects the products of a distinctive submarine eruption style in which 
magma-water interaction and the overlying water column have significantly affected 
pyroclast vesicularity. The Macauley caldera rim and the adjacent Lloyd dome (Figure 3.2) 
show numerous conical features (up to 100 m high) which may represent clastic 
accumulations above the vent sites (i.e. pumice cones) for eruptions that contributed to the 
surficial pumice population. Dredge hauls from around the rim typically contain a high 
proportion of poorly or moderately vesicular clasts, consistent with their derivation from 
dome carapaces or the fragmented rims of floated blebs. In contrast, dredge hauls around 
the distal caldera flanks contain higher proportions of low-density pumice and gradient-
type clasts, consistent with this being material that was transported and deposited well away 
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 from vent [Rotella et al., 2013b (Chapter 5)]. The degree to which this dominant low-density 
peak reflects distal fallout of pyroclasts versus reworked downslope material is difficult to 
interpret from dredge samples. The high degree of rounding of low-density clasts suggests 
that there has been a significant amount of abrasion, reflecting continued movement of 
near-neutrally buoyant pumice on the seafloor [Manville et al., 1998]. 
 
3.5.3. Are Kermadec Arc Calderas Formed by Single Large Eruptions? 
 
The compositional diversity of pumices dredged at Macauley (Figure 3.10b, d) 
indicates that the Macauley caldera may represent a composite structure formed during 
multiple eruptions, and that the caldera structure may not be the product of a single large 
eruption [cf. Latter et al., 1992]. To emphasize this, the youngest (basaltic) post-Sandy Bay 
eruption sequence on Macauley Island involved a further increment of collapse which 
truncated the north side of the island and further enlarged the caldera [Lloyd et al., 1996]. 
Although density and chemical data emphasize the diversity in young eruptive products 
from Macauley, the number and volumes of eruptions is not yet known. In contrast, Healy 
and Raoul SW volcanoes show small compositional variations (Figure 3.10d) making it 
difficult to distinguish whether the seafloor blanket of fragmental material and caldera are 
the products of single or multiple events. Variations in clast appearance and density at 
Healy volcano, however, suggest that eruptions of differing style (and thus different events) 
contributed to some of the dredged seafloor material. The combination of high density, 
stretched vesicle textures and extensive microlite growth suggests that some dense clasts 
from Healy are products of effusive dome-type eruptions [e.g., Allen et al., 2010]. Potential 
sources for these types of eruptions are the edifice SW of the main caldera [Wright et al., 
2003], or possibly the small conical features that occur on a linear trend along the SE 
caldera floor, rim and flanks (Figure 3.2d). Although our findings do not rule out a single 
large eruption being associated with formation of Healy caldera, they highlight the 
complexity of these submarine volcanoes and the caution that must be taken when 
interpreting their history in the absence of stratigraphic constraints. 
A characteristic feature at Macauley is large-scale concentric mega-ripple bedforms 
which are well developed in the canyons radiating from the caldera rim (Figure 3.2c). These 
mega-ripples are observed elsewhere, and are often inferred to reflect syn-eruptive 
emplacement of pyroclastic material in energetic submarine density currents, and/or mass 
flows associated with edifice collapse during or after eruptions [Keating et al., 2000; Wright et 
al., 2006; Tani et al., 2008]. The compositional diversity of pumice populations in relevant 
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 dredge hauls (sites D24, D25, D32, D33), however, precludes the mega-ripples being solely 
due to syn-eruptive processes, or the product of a single eruption [cf. Wright et al., 2006]. 
We suggest that these bedforms may have had their shapes maintained by the continuing 
movement of near-neutrally buoyant material (water-logged extremely vesicular pumice 
would have a density of ~1.15-1.20 g/cm3). The lowest-density pumices are mostly sub-
rounded to well rounded (Figure 3.6b), suggesting they have undergone significant 
amounts of abrasion and transport. Material may be added to the mega-ripples by new 
eruptions, or from material deposited on the emergent part of the volcano during sea-level 
low stands and eroded and transported down-slope during periods of sea-level rise. 
Comparably-sized or larger bedforms with similar characteristics have also been reported 
from a wide variety of marine [e.g., Lee et al., 2002; Normark et al., 2002; Leat et al., 2010] and 
some lacustrine settings [Gardner et al., 1999] where a volcanic cause or influence is 
absolutely precluded and the sediment lacks low-density pumice as a major constituent. 
 
3.5.4. The Pros and Cons of Dredge Sampling 
 
In studies of submarine volcanism, often the quickest and most cost-effective method of 
obtaining information on the morphology and compositional diversity of submarine 
volcanoes is swath mapping coupled with dredge sampling. Studies with submersible 
vehicles (manned or remotely operated) are expensive and limited in scope, although they 
do allow mapping of steep faces and caldera walls, observations of in-situ features and 
detailed sampling of specific materials [e.g., Hekinian et al., 2008; Tani et al., 2008; 
Wysoczanski et al., 2010]. 
Apart from being relatively quick and inexpensive to collect, dredge samples have 
two advantages. First, bulk samples collected are representative of the surficial meter or so 
of the seafloor along the length of the dredge tow. This allows surficial clasts from a large 
area (typically hundreds of meters long) to be collected and representative compositions 
from an entire volcano to be obtained. Second, there is little or no bias introduced by 
selection of surficial pyroclasts with different morphologies or densities. In turn, drawbacks 
of dredge samples arise from the same considerations. First, blind (i.e., no video 
observation of sample site) bulk sampling is done across potential stratigraphy from 
multiple eruption events.  At Macauley, the clustering of pyroclast chemistries shows that 
multiple eruptions have been sampled (Figure 3.10b, d) but, unless every clast is analyzed, 
the density sample suites cannot be subdivided by eruption. The consistency of density 
populations across the different dredge samples, however, allows us to infer that there are 
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 consistent physical origins for the clasts. Second, material larger than the dredge cage 
opening (typically >0.5-1 m) or part of a larger structural feature, such as lava or the 
underlying edifice, may be missed by dredging, and fine material smaller than the mesh of 
the dredge cage (typically <1-2 cm) is largely lost. Both of these issues are mitigated here by 
focusing on an intermediate clast size fraction to best represent the seafloor deposits. 
Third, the material being dredged may not be representative of the complete eruption(s) as 
submarine pumice deposits may be density stratified, or of different emplacement origin 
(e.g., fallout versus density current), or possibly wholly re-sedimented. This is a major 
limitation of dredging (and submarine sampling in general) and cannot be avoided but is 
reduced by collecting multiple dredge hauls of large sample size from different locations 
around the volcano. Fourth, dredge sampling may alter the clast density spectrum through 
selective abrasion and breakage. We discount this as a significant problem here because 
staining of the clasts (due to Fe-Mn oxide coating), occurs on the outside surface of many 
low-density clasts as well as within the inner walls of open (but protected) vesicles, 
implying that the clasts were abraded prior to deposition, not only by the dredging process.  
 
3.5.5. Density Measurements: A Routine Tool for Characterizing Submarine Pyroclastic 
 Deposits 
 
Density measurements on subaerial pyroclasts, when combined with other field 
observations (e.g., grain size, bedding thickness and grading), have proved invaluable in 
delimiting eruptive styles and processes within and between individual eruptions [e.g., 
Houghton and Wilson, 1989; Gardner et al., 1996; Gurioli et al., 2005; Carey et al., 2009; Houghton 
et al., 2010], and provide a good first approximation of the magma degassing/outgassing 
history. Density measurements may also prove valuable for discerning eruption processes 
and describing deposits in the submarine environment. As seen in the subaerial 
environment, single eruptions can have multiple density modes resulting from variable 
degassing histories (e.g., Oneraki eruption on Raoul). Even though submarine dredge 
samples can involve material from multiple eruptions (e.g., Macauley), the overall density 
spectrum provides insights into the diversity (or lack thereof) of material erupted in the 
submarine environment. Although dredge sampling has limitations, comparisons of density 
spectra from multiple dredge samples around a volcano provide first-order insights into 
submarine eruptive styles. In an environment where many of the conventional tools of 
physical volcanology cannot be applied, density studies provide a rapid and convenient 
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 means to bulk characterize submarine pyroclastic deposits and screen pyroclasts for 
variability in physical and chemical properties. 
 
3.6. Conclusions 
 
Consideration of the density spectra of pumice collected from both subaerial and 
submarine environments from Raoul, Macauley, Healy and Raoul SW volcanoes in the 
Kermadec arc has shown the following: 
 
1. Clast density spectra provide valuable insights into eruptive processes in both 
subaerial and submarine settings. In the subaerial environment on Raoul Island, dry-type 
eruptions result in closely uniform and narrow density ranges despite a wide range of 
eruption volumes and inferred eruption rates. Ingress of external water or degassing has a 
strong effect on the clast density patterns. In the submarine environment, ingress of water 
into powerful eruptions at Macauley, Healy and Raoul SW volcanoes made no recognizable 
difference to the density spectra whether in shallow water (Sandy Bay Tephra on Macauley) 
or deep water (Healy and Raoul SW). The thermal oxidation of some clasts from Healy and 
Raoul SW implies that clasts in the eruption jet reached the atmosphere whilst still hot. 
Water depths of up to ~1 km made little apparent difference to the clast density spectra 
generated during these powerful explosive eruptions. Our results confirm that it may be 
difficult to distinguish between subaerial and submarine-erupted clasts in marine 
volcaniclastic sequences. 
2. At Macauley, the combination of density patterns with clast angularity and vesicle 
textures indicates that the dominant eruptive style contributing clasts to the seafloor 
pumice layer is a new and distinctive style of submarine volcanism [Rotella et al., 2013b 
(Chapter 5)]. Variations in chemistry and textures in the Macauley dredged samples suggest 
that other eruptive styles also contributed to the surficial seafloor layer, including dome-
forming and highly explosive eruptions. Macauley has had a complex eruptive and 
sedimentation history, as shown by its multiple chemical groupings and unique density 
spectra. 
3. At Raoul and Macauley, the subaerial stratigraphy and/or diversity of eruptive 
compositions in dredge samples show that multiple eruptions contributed to the present-
day morphologies of the respective calderas. Intra-oceanic arc calderas are thus not 
necessarily indicative of single large-scale explosive eruptions, but may be composite 
features resulting from multiple events. The combination of density, textural, and chemical 
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 data also suggests that post-eruption movement and mixing of pumice clasts from separate 
eruptive events plays a major role in determining what is collected by submarine sampling. 
These findings highlight the caution that must be taken when interpreting submarine 
pyroclastic deposits. 
103
	  	  	  	  
104
	   
Chapter 4 
Syn- and Post-Fragmentation Bubble Development in 
Explosive Silicic Eruptions: Insights from Pyroclast 
Vesicularity Textures from Raoul Volcano (Kermadec Arc) 
 
 
 
Melissa D. Rotella, Colin J. N. Wilson, Simon J. Barker, Kathy V. Cashman, Bruce F. 
Houghton, Ian C. Wright 
 
Manuscript under review with Bulletin of Volcanology 
Manuscript number: BUVO-D-12-00108 
 
 
 
 
 
 
 
Statement of authorship: 
 
MDR conceived the model, undertook imagery collection and vesicle textural analysis and 
interpretation and wrote the paper. MDR and SJB did the density determinations. CJNW, SJB, 
KVC and BFH assisted MDR with interpretation of data. All authors assisted MDR with editing 
of the manuscript.  CJNW and ICW organized the voyage and collected samples with MDR. 
105
	  Abstract 
Critical to understanding explosive eruptions is establishing how accurately representative 
pyroclasts are of processes during magma vesiculation and fragmentation. Here we present data 
on pyroclast densities and vesicle size and number characteristics for representative samples from 
six silicic eruptions of contrasting size and style from Raoul volcano (Kermadec arc). We use 
these data to evaluate histories of bubble nucleation and growth before and after fragmentation 
in explosive eruptions, and provide comparisons with dome carapace pumiceous material. 
Density/vesicularity distributions show a dearth in pyroclasts with ~65-75% vesicularity. 
However, pyroclasts closest to ~65-75% vesicularity have the highest bubble number density 
(BND) values regardless of eruptive intensity, style or degree of interaction with external water. 
Bubble size distributions (BSDs) and BNDs, corrected for clast vesicularity and crystal content, 
show variations consistent with this pivotal vesicularity range being that at which vesiculating 
magma is most likely to undergo fragmentation. Clasts with vesicularities >65-75% have 
decreasing BNDs with increasing vesicularities, interpreted to reflect bubble coalescence and 
growth after magmatic fragmentation, but before quenching. Clasts with vesicularities <65-75% 
also have decreasing BNDs with vesicularity departing this range but preserve textures indicative 
of processes such as stalling and open system degassing prior to vesiculation in a microlite-rich 
magma, or vesiculation during slow ascent of degassing magma. The largest eruptions have the 
highest BND values for similar vesicularity clasts and more powerful eruptions appear to have a 
fragmentation threshold at lower vesicularities. The transition from exponential to power-law 
BSDs occurs either abruptly at ~20 µm in clasts that were rapidly quenched, or over a broader 
20-50 µm range where post-fragmentation bubble expansion occurred. BND values vary widely 
for pyroclasts of differing density in the same eruption interval. Modal density clasts (the usual 
targets for vesicularity studies) have likely undergone some degree of post-fragmentation bubble 
maturation and are therefore not truly representative of the magma at fragmentation. Analyses of 
multiple samples covering the full range of vesicularities being erupted at any one stage in an 
eruption therefore is required to bracket the vesicle characteristics at the point of fragmentation.  
 
4.1. Introduction 
 
Understanding the conditions and processes which occur during magma ascent in explosive 
silicic eruptions is an ongoing challenge as they are difficult to scale and simulate accurately in 
laboratory experiments, and due to the eruptions’ infrequent and violent nature they are difficult 
to observe or sample directly. When and how magma fragments is an important aspect of 
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  explosive eruptions which is highly debated, especially for evolved magma compositions [Sparks, 
1978; Proussevitch et al., 1993; Alidibirov and Dingwell, 1996, 2000; Gardner et al., 1996; Papale, 1999a; 
Zhang, 1999; Cashman et al., 2000; Spieler et al., 2004; Namiki and Manga, 2005; Toramaru, 2006; 
Koyaguchi et al., 2008]. Key insights into vesiculation and fragmentation processes in explosive 
eruptions can be gained from the resulting pyroclasts [e.g., Houghton and Wilson, 1989; Cashman and 
Manga, 1994; Polacci et al., 2001, 2003, 2005], or through simulation experiments and theoretical 
numerical models [e.g., Polacci et al., 2004; Spieler et al., 2004; Cluzel et al., 2008; Gardner and Ketcham, 
2011]. However, the degree to which natural pyroclasts preserve information about processes 
that occur in the conduit remains in question [Thomas et al., 1994; Gardner et al., 1996; Kaminski and 
Jaupart, 1997; Tait et al., 1998], and so a gap between experimental studies and measurements on 
natural pyroclasts remains.  
Magmatic fragmentation through the effects of exsolution and expansion of volatiles 
originally dissolved in the magma has been proposed to occur via several different mechanisms. 
For silicic compositions, such as those considered here, magma may fragment through passage of 
decompression waves [e.g., Alidibirov and Dingwell, 2000; Namiki and Manga, 2005; Toramaru, 2006] 
and/or by overpressure causing the bursting of bubbles at a fragmentation surface within the 
conduit [Sparks, 1978; Wilson et al., 1980; Massol and Jaupart, 1999; Cashman et al., 2000; Melnik, 
2000; Spieler et al., 2004; Melnik et al., 2005]. Either of these mechanisms (or a combination) is 
highly dependent on viscosity (hence magma composition) and decompression rate. The point of 
fragmentation, in turn, is controlled strongly by the gas volume fraction [Spieler et al., 2004], which 
is widely interpreted to reach some critical value upon fragmentation [Cashman et al., 2000]. Sparks 
[1978] suggested that fragmentation occurs when a critical vesicularity of ~75% is reached, 
similar to the value predicted by numerical models for rhyolite magmas [Melnik, 2005]. At this gas 
volume packing of spheres is at a maximum and, according to percolation theory, bubbles start to 
‘overlap’ and interconnect triggering fragmentation and explosion [Gaonac’h et al., 2003]. The 
value of this critical vesicularity has been shown to decrease in the presence of high degrees of 
shearing in the conduit [Gardner et al., 1996; Papale, 1999a], or when a large pressure differential is 
present across the fragmentation surface [Alidibirov and Dingwell, 1996; Spieler et al., 2004]. Other 
studies have linked fragmentation to a two-stage process of magma reaching a lower ‘critical 
vesicularity’ of ~60-65% followed by post-fragmentation expansion of pyroclasts prior to 
quenching in the subaerial eruption column or after landing [Thomas et al., 1994; Gardner et al., 
1996; Kaminski and Jaupart, 1997].  
An additional factor affecting expansion and fragmentation of magma is the degree of 
permeability accompanying expansion of the magma foam. Eichelberger et al., [1986] showed the 
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  presence of a ~ 60% vesicularity threshold in silicic magmas above which there was a marked 
increase in permeability, allowing gas to escape at relatively low eruption rates and the magma 
involved to erupt as a lava. Rust and Cashman [2011] developed these concepts to propose a 
general permeability threshold in generation of pyroclasts. This threshold represents a balance 
between gas escape through development of permeability versus fragmentation by bubble 
overpressure. In silicic magmas, this balance results in a narrow range of vesicularities of ~70-
80% over which there is a large increase in permeability over a small change in vesicularity. 
Natural pumices from ‘dry-type’ explosive eruptions (no interaction with external water), 
however, preserve pumice vesicularities typically exceeding 70%, and have average vesicularities 
that are higher than most proposed vesicularity thresholds [e.g., Houghton and Wilson, 1989; Sparks 
et al., 1994; Thomas et al., 1994; Klug et al., 2002; Houghton et al., 2010; Barker et al., 2012 (Chapter 
3)]. 
 Contrasts in interpretations of conduit processes have increasingly been addressed by 
studies of bubble characteristics in pyroclasts, which preserve information about volatile 
exsolution, bubble nucleation and growth, and eventual fragmentation and quenching of the 
magma [Toramaru, 1990]. In recent years detailed analysis of pyroclast textures and measurements 
of bubble size distributions (BSDs) and bubble number densities (BNDs) in natural [e.g., Klug and 
Cashman, 1994; Klug et al., 2002; Adams et al., 2006; Carey et al., 2009; Houghton et al., 2010; Mattsson, 
2010] and experimentally derived (e.g., Hurwitz and Navon, 1994; Mangan and Sisson, 2000; 
Mourtada-Bonnefoi and Laporte, 2004; Gardner and Ketcham, 2011] pyroclasts have become a standard 
tool in the interpretation of eruption processes. These studies show that the BND increases with 
increasing decompression rate, temperature, pre-eruptive water content, viscosity and surface 
tension. For experimentally derived pyroclasts, vesiculated magma is created and quenched under 
controlled conditions (temperature, decompression rate, water content, etc.). Experimental 
studies are generally limited to the study of volcanic products before the vesicularity threshold is 
reached, analogous to magma within the conduit prior to magmatic fragmentation. On the other 
hand, studies of natural pyroclasts are limited to those that have undergone fragmentation and 
which may have undergone post-fragmentation effects, modifying their characteristics prior to 
quenching [c.f., Thomas et al., 1994; Gardner et al., 1996; Kaminski and Jaupart, 1997]. The challenge 
with natural pyroclasts, therefore, is to identify, quantify and deconvolute post-fragmentation 
changes in order to address the nature of the clasts on fragmentation. 
 In this paper we present data from dacitic pyroclasts from Raoul volcano (Kermadec arc, 
SW Pacific) to show how density and textural data combined can provide insights into both pre- 
and post-fragmentation vesiculation processes. We consider samples from six eruptions, which 
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  have similar chemistries but vary significantly in size, eruption style and degrees of interaction 
with external water. By comparing pyroclast vesicularity textures we draw inferences about the 
nature of the pre-and post-fragmentation vesiculation processes, and show that for explosive 
eruptions there is a pivotal vesicularity range in which fragmentation occurs, beyond which clasts 
record varying degrees of post-fragmentation bubble modification. 
  
4.2. Geological Setting 
 
The Kermadec arc (Figure 4.1a) results from intra-oceanic subduction of the Pacific plate 
beneath the Indo-Australian plate [Smith and Price, 2006, for overview]. Raoul Island (Figure 4.1b) 
is the northernmost emergent volcano along the arc and over the past ~4 ka has erupted a 
sequence of dominantly dacite pyroclastic deposits, associated with the development of two 
calderas [Lloyd and Nathan, 1981; Worthington et al., 1999; Smith et al., 2006; Barker et al., 2012 
(Chapter 3)].  
 Samples analyzed in this study were collected from the deposits of six eruptions, each of 
which involved crystal-poor (<5 wt. %) dacite magmas (66.5-69.5 wt. % SiO2: Barker et al. [2013 
(Appendix H)]). Five of these deposits are represented in the eruptive stratigraphy of Lloyd and 
Nathan [1981], and the sixth, the Green Lake floated pumice, is described in Barker et al. [2012 
(Chapter 3)]. Fall deposits of two large sub-plinian to plinian eruptions (Matatirohia, 3.7 ka; 
Oneraki, 3.15 ka) and a single voluminous plinian eruption (Fleetwood, 2.2 ka) were sampled 
from coastal exposures (Figure 4.1b). Within Raoul caldera the products of three smaller 
eruptions of contrasting style were sampled. The Rangitahua eruption (0.37 ka) formed a small 
pumice cone and shows evidence for interaction with external water through bread-crusted 
pyroclast textures, an initial phreatic mud layer, and poor sorting within the deposit [Lloyd and 
Nathan, 1981; Barker et al., 2012 (Chapter 3)]. The Green Lake Pumice eruption (1.4 ka) was a dry, 
moderate sized, dominantly cone-forming eruption (Figure 4.1b), the deposits of which rest 
directly on a sequence of lacustrine sediments. Within these sediments, 2-3 m below the base of 
the Green Lake Pumice deposits there is a horizon, rich in grey lapilli-to block-sized glassy 
pumiceous clasts, termed the Green Lake floated pumices by Barker et al., [2012 (Chapter 3)]. 
These clasts are interpreted to be carapace fragments that spalled off a lava dome extruded 
beneath a proto-Green Lake, floated across the lake surface and then sank as they became 
waterlogged. Similar materials (though of rhyolitic composition) and emplacement mechanisms 
have also been documented at Taupo [Wilson and Walker, 1985; Houghton et al., 2010] and La 
Primavera volcanoes [Mahood, 1980; Clough et al., 1981].  
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Figure 4.1. (a) Regional tectonic setting of the Kermadec arc, showing (b) the location of Raoul volcano. Dark grey 
triangles represent basaltic to andesite volcanoes and light grey circles represent silicic caldera volcanoes. The 
Kermadec arc (marked by the line of volcanoes) extends from the North Island of New Zealand to the intersection 
of the Louisville Ridge seamounts with the Kermadec trench. Raoul and Denham caldera outlines are modified from 
Worthington et al. [1999]. Modified from Barker et al. [2012 (Chapter 3)]. 
 
 
4.3. Methods 
 
Suites of ~100 pyroclasts in the 16-32 mm size range were collected from narrow stratigraphic 
intervals within each Raoul pyroclastic deposit and a representative suite of fragments from the 
Green Lake floated pumices [Barker et al., 2012 (Chapter 3)]. Comparator samples were also 
collected of the Taupo floated pumice clasts at sites adjacent to the northeastern shoreline of 
Lake Taupo [Rotella et al., 2013b (Chapter 5)]. Densities were determined using the methods of 
Houghton and Wilson [1989] and converted to vesicularities using a dense rock equivalent (DRE) 
value of 2.4 g/cm3 [Barker et al., 2012 (Chapter 3)]. Polished impregnated thin sections were made 
from 66 clasts spanning the range of measured densities. Of these, 34 representative clasts were 
imaged for textural analysis and 23 clasts were further selected for quantitative vesicularity 
measurements (Figure 4.2). As commonly observed in explosive silicic eruptions, tube pumices 
and clast with elongated vesicles are present (<5%) in the Raoul sample suites but were 
deliberately avoided in this study due to the limitations of the stereological conversion technique 
used [Sahagian and Proussevitch, 1998; Shea et al., 2010a].  
Each thin section was imaged with a flatbed scanner at 1200 or 3200 dpi resolution using 
transmitted light to characterize the population of largest bubbles. A series of nested 
magnification backscattered electron (BSE) images were taken on either a JEOL JXA-8320  
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Figure 4.2. (a) Density/vesicularity frequency histograms for all 16-32 mm clasts for each eruption from Raoul 
volcano used in this study and the floated pumice unit from the Taupo 1.8 ka eruption. Red dashed line represents 
the average density of all dry-type eruptions from Raoul volcano; grey zone marks 65-75% vesicularity. Stars show 
where representative samples were chosen for textural analysis. White stars are clasts for which thin sections were 
made and backscattered electron images were taken but not quantified, red stars are samples which were quantified. 
(b) Stratigraphic section of the Oneraki fall deposit showing where sample suites were sampled for density analyses. 
Open clasts are pumice and filled clasts are lithics. Asterisks indicate sample suites from which thin sections were 
made and quantitative vesicularity studies were carried out for representative low-, modal- and high-density clasts 
shown in (c). Density data for Raoul volcano from Barker et al. [2012 (Chapter 3)] and for Taupo floated pumices 
from Rotella et al. [2013b (Chapter 5)]. 
 
electron microprobe (Victoria University of Wellington) or a JEOL-5900LV scanning electron 
microscope (University of Hawaii) at 1280 x 960 pixel resolution until the smallest bubbles were 
>5 pixels in diameter, corresponding to an uncertainty in bubble size of <5% for one incorrect 
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  pixel [Shea et al., 2010a]. At 500x magnification, 5 pixels correspond to 1 µm, which is the 
approximate size of the smallest bubbles present in all clasts, therefore ensuring all bubble sizes 
were included in the subsequent analyses. Binary images were created using Adobe Photoshop 
and bubble number volumes (Nv) were calculated using FOAMS [Shea et al., 2010a] with a bubble 
diameter cut-off size of 5 pixels. Vesicle volume fractions and BND values were calculated 
following the methods of Sahagian and Proussevitch [1998]. BND values were corrected for 
vesicularity and phenocryst content to avoid underestimating the nucleation densities of highly 
expanded clasts (after Klug et al. [2002]) and to allow direct comparison to clasts of differing 
density. BND values in this study can be directly compared to other studies in which a 5-pixel (1 
µm at 500x magnification) diameter bubble size cut-off was also used during analyses. For 
comparison with studies in which a 20-pixel (4 µm at 500x) diameter cut-off was used [e.g., 
Adams et al., 2006; Carey et al., 2009; Costantini et al., 2010; Houghton et al., 2003, 2010] values using 
the same cut-off are also reported (Table 4.1).  
 
4.4. Results and Interpretation 
 
4.4.1. Pyroclast Vesicularities 
 
Density/vesicularity histograms show that clasts with vesicularities at or near ~70% are relatively 
uncommon (Figure 4.2a). Instead, most pyroclasts have vesicularities of >70% (dry-erupted, 
small or large) or <70% (phreatomagmatic, dome carapace), but always with the distributions 
tailing off and ending at ~65-75%. Pumice clasts from dry-type eruptions (Oneraki, Matatirohia, 
Fleetwood, Green Lake Pumice) display similar narrow unimodal density distributions centred at 
~0.42 g/cm3 (82% vesicularity) regardless of the eruption size or intensity [Figure 4.2a; Barker et 
al., 2012 (Chapter 3)], typical for eruptions driven by magmatic fragmentation [Houghton and 
Wilson, 1989]. The topmost Oneraki fall deposit sample, however, has a subordinate population 
of denser (mode ~1.0 g/cm3, 58% vesicularity), microlite-rich pumice (Figure 4.2c). Clasts from 
the Rangitahua phreatomagmatic pumice cone define a broad modal density at ~1.0 g/cm3, and 
the Green Lake and Taupo floated dome carapace clasts define a narrow density distribution with 
a modal density of ~0.90 g/cm3 (63% vesicularity) (Figure 4.2a).  
 The Oneraki fall deposit was selected for an intensive study to investigate textural and 
BND variations through the eruption and also between clasts of differing density at the same 
stratigraphic level. The Oneraki was chosen because it could be sampled at regular intervals, and 
its unusual subordinate high-density mode for the top of the deposit (Figures 4.2b, c). Textures  
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  from low-, modal- and high-density clasts were quantified from the base, middle and top of the 
deposit including the topmost bimodal density population (Figure 4.3). For all other eruptions, 
textural measurements were made for modal density and other select clasts for comparison 
(Figure 4.2a). Two modal density clasts from the Matatirohia fall deposit, from the near-base and 
near-top, were chosen to investigate variations with stratigraphic height for similar density clasts. 
A modal- and high-density clast were chosen from the base of the Fleetwood fall deposit, and 
one modal density clast was chosen from the base of the Green Lake Pumice cone. Three clasts 
from the phreatomagmatic Rangitahua cone deposit were chosen; one modal density clast from 
the base and one modal and one low density clast from 10 m above the base of the deposit 
(Figure 4.2a). A modal- and low-density clast from the Green Lake floated pumice dome 
carapace were chosen for analysis as well as one modal density clast from the Taupo floated 
pumices for comparison (Figure 4.2a).  
 
4.4.2. Qualitative Textural Observations  
 
Pumice clasts spanning the dominant 0.42 g/cm3 density (82% vesicularity) mode of the dry-type 
fall deposits show mostly homogenous textures and are remarkably similar both within individual 
eruption deposits and between eruptions (Figures 4.3, 4.4). These pumices have an average 
phenocryst content of ~1-5%, consisting dominantly of plagioclase, with lesser amounts of 
clinopyroxene, orthopyroxene and magnetite with sparse (<<1%) microlites (<30 µm) [Barker et 
al., 2013 (Appendix H)]. Neither the phenocryst nor microlite contents appear to influence 
bubble shapes, which are dominantly sub-spherical, for dry-type eruptions. Small bubbles (<20 
µm) are most abundant in low vesicularity clasts, which also have the thickest bubble walls. With 
increasing clast vesicularities there is evidence for increased bubble coalescence and ripening, 
with bubble walls thinning to ~1 µm, deforming and showing evidence for failure by rupture, 
retraction and wrinkling [Klug et al., 2002]. 
 Pumice clasts from the subordinate high-density (low-vesicularity) mode of the late-stage 
Oneraki fall deposit (Figure 4.2) have markedly different textures with polylobate, amoeboid 
bubbles separated by thicker microlite-bearing glass (Figure 4.3). These features are similar to 
those seen in the Mount St. Helens grey-type pumice [Klug and Cashman, 1994] and Tarawera 1886 
plinian basalt [Sable et al., 2009] as well as the experimental products of Mongrain et al., [2008]. 
These textures are attributed to the development of networks of linked bubbles, forming 
pathways for gas to escape non-explosively [Eichelberger et al., 1986; Polacci et al., 2008]. The 
mineral assemblage for these clasts is, however, identical to those from the lower density modes,  
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Figure 4.3. Representative backscattered electron images of Oneraki fall deposit pumices across the range of 
densities sampled (Figure 4.2) adjusted using Adobe Photoshop so that vesicles are black, glass is white and crystals 
are grey. 
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Figure 4.4. Representative backscattered electron images of modal- and high-density fall deposit pumices from the 
Fleetwood, Matatirohia and Green Lake Pumice dry-type eruptions adjusted using Adobe Photoshop so that vesicles 
are black, glass is white and crystals are grey.  
 
 
indicating that these eruptive phases sampled similar melts [Jaupart and Allegre, 1991; Barker et al., 
2012 (Chapter 3)]. Similar polylobate bubbles set in a microlite-bearing groundmass are also 
present in Rangitahua pumices of the same density (Figure 4.5). The Rangitahua clasts, however, 
generally have a lower degree of bubble irregularity, with fewer bubbles <20 µm, thicker glass 
walls between bubbles and smaller microlites. The Green Lake floated pumice clasts also have 
sub-spherical bubbles in a microlite-bearing glassy groundmass, but these bubbles are less 
amoeboid with a more stretched appearance (Figure 4.5). This texture is similar (but to a much 
lesser degree) to the stretched, wispy textures of fragments from the Taupo floated pumice clasts 
[Houghton et al., 2010; Rotella et al., 2013b (Chapter 5)]. Notably, the highest-vesicularity clasts from 
the Green Lake floated pumice contain near-spherical bubbles separated by thin bubble walls 
(Figure 4.5).  
 
4.4.3. Quantitative Textural Analysis  
 
Studies of bubble size distributions and number densities allow for the quantitative comparison 
of textures in pyroclasts, thus allowing for the direct comparison of pyroclast textures and  
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Figure 4.5. Representative backscattered electron images of Rangitahua pumice cone clasts, the Green Lake floated 
pumice and 1.8 ka Taupo floated pumices (see text), adjusted using Adobe Photoshop so that vesicles are black, glass 
is white and crystals are grey. 
 
 
providing insights into magma storage, ascent and eruption conditions [Klug and Cashman, 1994; 
Shea et al., 2010a]. Bubble size distribution plots aid in the comparison of the range of bubble 
sizes present in pyroclasts and provide information about processes that contribute to generating 
or modifying bubble sizes [Shea et al., 2010a, their Figure 4.1], and are generally used to infer 
nucleation and coalescence events during the vesiculation history of pyroclasts [e.g., Klug and 
Cashman, 1994]. For example, bubble coalescence tends to skew BSD data positively, whereas 
continued/accelerating nucleation and growth tends to skew it negatively and bubble collapse 
tends to reduce the total bubble volume fraction [Shea et al., 2010a]. Displaying data on 
cumulative bubble size distribution plots provides the advantage of being independent of bubble 
bin size and allowing for simple comparisons of mean bubble volume size and standard deviation 
based on the slope. 
 In general, pyroclasts from all Raoul eruption deposits examined have similar BSDs with 
bubble sizes dominantly between 20 and 100 µm and a modal bubble size of ~30 µm (Figures 
4.6, 4.7, 4.8, 4.9). Such spectra for BSDs are similar to those of dry-erupted pyroclasts from 
powerful silicic eruptions worldwide [e.g., Taupo: Houghton et al., 2003, 2010; Crater Lake: Klug et 
al., 2002]. There are, however, subtle yet important variations in the population of small bubbles 
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  (defined here as <20 µm), which provide valuable information about the vesiculation state of the 
magma at the time of fragmentation [Genareau et al., 2012]. Small bubbles make up a large 
proportion (up to 46% for a Fleetwood sample) of the bubble volume fractions (Table 4.1) and 
subtle variations in their populations therefore lead to significant variations in BND values. For 
larger bubbles, variations between samples are harder to identify or interpret. Kinks within the 
BSDs for bubbles >500 µm (Figures 4.6, 4.7, 4.8) have been attributed to artefacts of lower 
sampling frequency associated with geometric binning [Shea et al., 2010b] and larger uncertainties 
in delineating thin bubble walls at low magnifications. In the latter case, thin bubble walls (~1 µm 
thick) are less clearly imaged at magnifications lower than ~100x (at which magnification 1 pixel 
= 0.9 µm). Cumulative BSDs highlight the abundance of small bubbles and smaller modal bubble 
size for higher-density dry-erupted pyroclasts (Figure 4.9). In addition, the cumulative BSD 
curves show a steep slope for sub-lacustrine erupted Green Lake floated pumice, indicating a 
narrow modal bubble size at 20-30 µm. This contrasts with a shallow slope for the 
phreatomagmatic Rangitahua pumice cone and high-density mode Oneraki clasts, indicating a 
broad range in bubble sizes (Figure 4.9). 
  
4.4.3.1. Detailed Case Study: the Oneraki Eruption Fall Deposit 
 
Clasts from the 0.42 g/cm3 density mode (82% vesicularity) of the Oneraki deposit have BSDs 
which follow a similar distribution for all clasts from all stratigraphic levels with bubble size 
modes of ~30 µm and a slight tail to larger sizes (Figure 4.6). These clasts have BND values 
ranging about an order of magnitude (2.6 x 109 to 1.1 x 1010 cm-3) with the highest BND values 
and the greatest proportion of <20 µm bubbles occurring in the lower vesicularity clasts (Figures 
4.6, 4.10; Table 4.1). BND values decrease sharply for clasts with increasing vesicularity (Figure 
4.10), owing to an increase in proportion of larger bubbles at the expense of smaller bubbles, 
causing the BSDs to skew to larger sizes (Figures 4.3, 4.6). This is consistent with BSE images of 
high vesicularity clasts showing features indicative of increased coalescence and growth, such as 
thinning and wrinkling of bubble walls (Figure 4.3).  
 Clasts from the subordinate high-density mode of the topmost Oneraki fall deposit, in 
contrast, have BND values that tend to increase, instead of decrease, with increasing clast 
vesicularity (Figures 4.6a, 4.10). The BSDs are generally similar to, but more irregular than, those 
of the low-density mode pyroclasts but with a higher proportion of <20 µm bubbles and a less 
well-defined bubble size mode (Figure 4.6a). As the stereological conversion method of Sahagian 
and Proussevitch [1998] assumes that the bubbles are spherical, any departure from sphericity  
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Figure 4.6. BSDs corrected for phenocryst and vesicle areas for low-, modal- and high-density clasts from the top 
(a, b), middle (c), and base (d) of the Oneraki fall deposit (Figure 4.3). Volume fraction is plotted on a log scale (left 
panel) to show small bubble size variations, and on a linear scale (right panel) to show large bubble size variations 
and to emphasize the vesicle size modes. Data is shown for both the subordinate high-density mode (a) and low-
density mode (b) for the topmost Oneraki fall deposit sample. Grey shading denotes Oneraki clasts excluding the 
subordinate high-density mode. Data shown in thick lines are for modal density clasts. Dotted line marks 30 µm as a 
reference for the typical modal bubble size for Raoul clasts. 
 
 
introduces additional uncertainties in the BSD and BND values. Since, however, the bubble 
shapes are non-spherical for all Oneraki subordinate high-density mode samples we infer that the 
relative trend of decreasing BND values with decreasing vesicularity is significant.  
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  4.4.3.2. Other Dry-Type Eruptions 
 
Modal density clasts from the Matatirohia and Fleetwood deposits have strikingly similar BSDs to 
their equivalents from the Oneraki deposits (Figure 4.7b), despite being from larger, more 
powerful eruptions. The high-density Fleetwood clast, however, has a BND higher than any 
other dry-erupted Raoul pyroclast (Figure 4.10) with a much larger proportion of  <20 µm 
bubbles and a smaller proportion of 50-100 µm bubbles (Figure 4.10). The Green Lake Pumice 
modal density clast has fewer small bubbles (3-20 µm) and a more clearly defined bubble size 
mode at 50 µm, versus 30 µm in the modal density Oneraki, Matatirohia and Fleetwood clasts 
(Figure 4.7b). In addition, the corresponding BND value of the Green Lake Pumice is the lowest 
for modal density clasts from Raoul dry-type eruptions.  
 
 
Figure 4.7. BSDs corrected for phenocryst and vesicle areas for clasts from the Fleetwood (FW), Matatirohia (MA) 
and Green Lake Pumice (GL) deposits (see Figure 4.3). Volume fraction is plotted on a log scale (left panel) to show 
small bubble size variations, and on a linear scale (right panel) to show large bubble size variations and to emphasize 
the size modes. (a) Grey shading denotes all Oneraki clasts excluding the subordinate high-density mode, (b) green 
shading denotes modal density Oneraki clasts excluding the subordinate high-density mode for comparison. Data 
shown in thick lines are for modal density clasts. Dotted line marks 30 µm as a reference for the typical modal 
bubble size for Raoul clasts. 
 
 
4.4.3.3. Wet-Type and Non-Explosive Eruptions 
 
Clasts from wet-type and non-explosive eruptions show BSD patterns that are vastly different to 
those from dry-type eruptions (Figure 4.8). The phreatomagmatic Rangitahua pumice cone 
pyroclasts show polylobate, thick-walled bubbles in microlite-bearing groundmass glass. The 
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  presence of microlites is taken as evidence for stalling and degassing-induced microlite growth 
[Blundy and Cashman, 2005]. Upon eruption the microlite content would inhibit bubble growth, 
generating the amoeboid bubble shapes. Similar textures are observed in the Oneraki high-
density mode clasts (Figure 4.3), although the Rangitahua and Oneraki BND values and BSDs 
differ as the former have fewer small bubbles and a lower BND for clasts of similar vesicularity 
(Figure 4.8a). Rangitahua clasts have broadly similar BSDs compared to dry-erupted Raoul clasts, 
but with fewer bubbles <100 µm and an order of magnitude lower BND values. The exception is 
the highest vesicularity Rangitahua clast (78%), which is most similar in vesicularity and textural 
appearance to dry-type Raoul clasts (Figure 4.5). This highest-vesicularity clast closely follows the 
BSD trend for dry-type Raoul eruptions with a similar BND value (Figure 4.8a).  
The Green Lake floated pumice clasts differ from the Rangitahua and Oneraki high-
density mode clasts in both their vesicularity and textural features. In comparison to dry-erupted 
Raoul pyroclasts, the Green Lake floated pumice clasts have fewer bubbles in the extreme small 
(<5 µm) and large (>200 µm) sizes causing a narrowing of the BSD with a modal peak at ~25 
µm (Figure 4.8b). The Taupo floated dome carapace pumice, in comparison, has a distribution 
shifted strongly to large bubble sizes with a modal bubble size of ~100 µm (Figure 4.8b). 
 
 
 
 
Figure 4.8. BSDs corrected for phenocryst and vesicle areas for modal density clasts from the (a) Rangitahua (RA) 
pumice cone and the (b) Green Lake floated pumice (GLFP) and Taupo floated pumice (TFP) dome-carapace 
fragments (see Figure 4.3). Volume fraction is plotted on a log scale (left panel) to show small bubble size variations, 
and on a linear scale (right panel) to show large bubble size variations and to emphasize the size modes. Blue shading 
denotes dry-erupted clasts from Raoul, excluding the Oneraki subordinate high-density mode. Data shown in thick 
lines are for modal density clasts. Dotted line marks 30 µm as a reference for the typical modal bubble size for Raoul 
clasts. 
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Figure 4.9. Volume distributions for representative clasts (vesicularity % stated) plotted as cumulative volume < 
vesicle diameter L. Steeper curves are indicative of a smaller range in bubble sizes. The intersection of the curves 
with the line at 0.5 denotes the volume-based median vesicle size. Grey field represents modal vesicularity clasts 
from the dry-type eruptions: Oneraki, Matatirohia, Fleetwood and Green Lake, with the exception of Oneraki 
sample RI12_P05_C2 which has heterogeneous textures at high magnifications. Note the shift to larger bubble sizes 
from the low to high vesicularity Oneraki clasts, owing to post-fragmentation bubble growth and coalescence. Note 
also the steep sloping curve for the sub-lacustrine erupted Green Lake floated pumice indicating a narrow 
distribution of bubbles at 20-30 µm, owing to collapse of large bubbles and resorption of small bubbles. For the 
phreatomagmatic Rangitahua clast and the subordinate high-density mode Oneraki clast note the shallow slope 
indicating a broad range in bubble sizes.  
 
 
4.5. Discussion 
 
4.5.1. Origins and Significance of BND Variations 
 
Vesicularity data for Raoul pyroclasts (Figure 4.2) show a dearth of values at ~65-75%, similar to 
silicic pyroclasts studies worldwide [e.g., Houghton and Wilson, 1989; Thomas et al., 1994; Klug and 
Cashman, 1996]. In addition, however, our data indicates that this density range marks an 
important pivot point in the vesicularity textures of pyroclasts and the resulting BND and BSD 
data. The highest BND values for Raoul pyroclasts are recorded in clasts of ~65-75% vesicularity 
and decrease at both higher and lower vesicularities, regardless of eruption size, intensity, style or 
interaction with external water (Figure 4.10). Notably, this 65-75% vesicularity range coincides 
with the critical vesicularity criterion of Sparks [1978] and Gardner et al. [1996] as well as the 
permeability threshold of Rust and Cashman [2011]. Below we consider the nature of clasts on 
either side of what we here term the ‘pivotal vesicularity range’, and use our textural data to 
consider the accompanying conduit/eruption processes. 
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Figure 4.10. Phenocryst and melt corrected bubble number density versus density/vesicularity for each clast in this 
study. Grey region marks 65-75% vesicularity and depicts the critical vesicularity range in which fragmentation of 
pyroclasts occurs. Inset graph depicts vesiculation trends via nucleation (N), growth (G), coalescence (C) and vesicle 
loss (L), modified from Herd and Pinkerton [1997]. Our data shows that for pyroclasts with vesicularities higher than 
the critical vesicularity range, vesicle growth and coalescence is dominant, whereas for pyroclasts with vesicularities 
lower than the critical vesicularity range growth and nucleation is dominant. Dotted black line marks the modal 
density of dry erupted pyroclasts. If no error bars then uncertainty is less than the size of the symbol. Uncertainties 
in density measurements (and hence vesicularity corrected BND values) are from Barker et al. [2012 (Chapter 3)]. 
 
 
4.5.1.1. Clasts with Vesicularities >70% 
 
Dry-erupted pyroclasts from Raoul have a modal vesicularity of 82% with a normal distribution 
(Figure 4.2). The lowest vesicularity clasts have the highest BND values (up to 1.9x1010 cm-3) with 
BND values decreasing sharply with increasing vesicularity in sub-parallel trends (Figure 4.10). In 
addition, high-vesicularity clasts have fewer small bubbles, larger average bubble diameters 
(Figure 4.11), and thinner bubble walls, suggesting that higher degrees of coalescence and 
expansion accompanied the increasing vesicularity. We attribute these vesicularity and textural 
variations to post-fragmentation bubble coalescence and growth (Figure 4.10) as postulated by 
Thomas et al. [1994] and Gardner et al. [1996]. Bubbles that are in a favourable position to coalesce  
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Figure 4.11. Average bubble diameter of assumed uniform spheres calculated from BND and vesicularity values. 
Symbols are the same as for Figure 4.10. Grey field denotes the dry-type eruptions, with the exception of the low-
vesicularity clast from the middle unit of the Oneraki eruption (noted on figure, see text for discussion). The increase 
in average bubble diameter with increasing vesicularity is interpreted to reflect bubble coalescence and growth. 
 
 
do so, which then allows them to expand more freely, in turn reducing the BND by a factor of 2-
3. 
 When considering the eruptive histories for these pyroclasts (Figure 4.12) it is envisaged 
that bubbles in ascending gas-rich magma would nucleate and grow unabated [Simakin et al., 
1999; Blower et al., 2002; Massol and Koyaguchi, 2005] causing BND to increase with increasing 
vesicularity (path ia, Figure 4.12a). Eventually a critical vesicularity would be reached (~65-75%) 
beyond which further vesiculation would be restricted by mutual interference of bubbles and the 
magma would fragment [Sparks, 1978; Gardner et al., 1996; Rust and Cashman, 2011]. Given the 
nature of the Raoul pumice density distributions (Figure 4.2) and the decreasing BND values 
with increasing clast vesicularity (Figure 4.10), it is apparent that most pyroclasts do not preserve 
their vesicularity at fragmentation, but continue to expand as their vesicles grow and coalesce. 
Experimental and theoretical studies have shown that seconds to minutes can pass between 
fragmentation and cooling of pyroclasts through the glass transition temperature where bubble 
structure is quenched [Klug and Cashman, 1994; Thomas et al., 1994; Gardner et al., 1996; Kaminski 
and Jaupart, 1997]. During this time the clasts would have a decreasing confining pressure and 
therefore undergo decompression expansion, given that after fragmentation their bubbles retain 
gas at a rate inversely proportional to viscosity [Thomas et al., 1994; Kaminski and Jaupart, 1997],  
124
	   
 
Figure 4.12. Schematic diagram showing three inferred vesiculation histories recorded in Raoul pyroclasts. (a) Dry-
type magmatic eruptions and (b) eruption of degassed microlite rich magma. In (a) pyroclasts vesiculate past the 
pivotal vesicularity range that is inferred to represent the fragmentation threshold (grey region). Path (ia) represents 
bubble nucleation and growth within the conduit at magma densities that are greater than the fragmentation 
threshold (c). Path (ib) represents bubble growth and coalescence after fragmentation but before the clast is 
quenched by chilling or internal gas pressures are released by the development of permeability (c). For stalled and 
degassed eruptions (b), path (ii) represents magma which undergoes degassing and microlite growth by stalling at 
shallow levels below the conduit (d), or on the conduit walls prior to explosive eruption (c). Path (iii) represents 
magma which is allowed to degas and grow microlites prior to and/or during dome effusion (e). BND is crystal and 
melt corrected. Not to scale. 
 
and provided that the ability of the clast to expand exceeds the ability of it to outgas by 
permeable flow [Rust and Cashman, 2011]. Due to the lower confining pressures and much lower 
volatile content in the magma after fragmentation, we infer that it is energetically more 
favourable for existing bubbles to grow, and hence coalesce, than to nucleate new bubbles, 
driving a decrease in BND with increasing vesicularity (path ib, Figure 4.12a). The range in 
vesicularity and BND of the final deposited pyroclasts therefore reflects the variation in timing 
between magmatic fragmentation and quenching of the pyroclast (Figure 4.12c) as well as any 
heterogeneity in vesicularity present within the conduit. We infer that clasts with the highest 
BND values in the pivotal 65-75% vesicularity range most closely represent the magma at the 
time of fragmentation and that clasts with greater vesicularities have undergone some degree of 
later bubble growth and coalescence (Figure 4.10). 
 The low-vesicularity clast analyzed from the middle of the Oneraki fall deposit has a 
lower BND value than the corresponding modal density clast (Figure 4.10). The BSD for this 
clast is similar to that observed for the modal density clast at the same sample level (Figure 4.6c), 
but with slightly fewer small bubbles. This texture could reflect quenching of the clast before it 
could fully vesiculate, resulting in a lower BND (path ia, Figure 4.12a). This is evidenced by the 
presence of thicker glass walls having few small interstitial bubbles when compared to other high-
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  density clasts from dry-type eruptions (Figures 4.3, 4.4). Alternatively, this clast could be 
reflecting the presence of localized shearing [Shea et al., 2012], seen as microscopic shear zones in 
pumice that is macroscopically isotropic (Figure 4.3). Similar textures are reported by Rust and 
Cashman [2011, their Figure 6] and Wright and Weinberg [2009]. Shearing may have caused bubble 
collapse and resorption of smaller bubbles and therefore a thickening of the bubble walls. 
 Bubble nucleation (and hence BND values) has been numerically and experimentally 
demonstrated to increase with increasing decompression rates in silicic magma [Toramaru, 1990, 
1995, 2006; Hurwitz and Navon, 1994; Mangan and Sisson, 2000; Mangan et al., 2004a; Mourtada-
Bonnefoi and Laporte, 2004; Massol and Koyaguchi, 2005; Hamada et al., 2010; Cichy et al., 2011; Gardner 
and Ketcham, 2011]. This is reflected broadly in our study as higher intensity eruptions, as inferred 
from field evidence [Lloyd and Nathan, 1981], typically have higher BND values for clasts with 
similar vesicularity (Figure 4.13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13. Variation in vesicularity and crystal 
corrected BND with schematic ‘eruption 
intensity’ based on the stratigraphy of Lloyd and 
Nathan [1981] showing increasing BND with 
eruption intensity. 1=domes, 2=small pumice 
cone, 3=medium sized pumice cone, 4=large 
plinian, 5=very large plinian. Symbols are the 
same as for Figure 4.10, open symbols are modal 
density clasts. 
 
 
 The decompression experiments of Hamada et al. [2010] show BND values approaching 
those of the natural pumices in this study at decompression rates of ~50 - 90 MPa s-1. Such 
values are, however, at odds with decompression rates derived from melt inclusions pockets in 
natural rhyolitic pyroclasts [e.g., 1-7 kPa s-1: Liu et al., 2007]. The strong link of decompression 
rate to BND highlights the importance of the choice of clast in which BND studies are 
preformed if information about conduit dynamics, such as decompression rate, is desired. Clasts 
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  with textures most similar to the magma at the moment of fragmentation would give the most 
reliable information as they best represent pre-fragmented magma. Clasts with vesicularities 
higher than the pivotal vesicularity range are interpreted to have undergone some degree of post-
fragmentation bubble growth and coalescence and therefore would have a lower BND and give 
artificially lower decompression rates (Figure 4.10).  
 Comparing BND values for clasts approaching the pivotal vesicularity range and 
fragmentation threshold (Figure 4.10) is challenging, as the fragmentation threshold is dependent 
on several variables and could change within or between eruptive phases. Higher intensity, 
eruptions with more rapid decompression would conceivably have more energy to fragment 
magma at lower vesicularities [Alidibirov and Dingwell, 1996; Spieler et al., 2004]. We therefore 
suggest that the pivotal vesicularity range and inferred fragmentation threshold (Figure 4.10) may 
decrease with eruption intensity. This is represented in the Fleetwood pyroclasts as the density 
distribution is slightly skewed to lower vesicularity values (Figure 4.2). 
  
4.5.1.2. Clasts with Vesicularities <70% 
 
Unlike pyroclasts that underwent dry-type magmatic fragmentation, wet-erupted and degassed 
pyroclasts have vesicularities approaching but lower than the 65-75% pivotal vesicularity range 
(Figures 4.2, 4.10). Clasts with vesicularities closest to the pivotal range have the highest BND 
values, which then diminish with decreasing vesicularity (Figure 4.10). These variations, when 
coupled with textural data, provide insights into two eruptive circumstances: 
1. Stalling prior to explosive eruption. The Rangitahua and late-stage high-density mode 
Oneraki pyroclasts show textural characteristics consistent with magma having stalled prior to 
explosive eruption (Figure 4.12c, d), allowing for partial open system degassing and 
accompanying decompressional microlite growth [Cashman, 1992; Geschwind and Rutherford, 1995; 
Hammer et al., 2000; Blundy and Cashman, 2005; Rust and Cashman, 2007]. In both examples, the 
pyroclasts have vesicularities <~65-75% (Figures 4.2a,c, 4.10), implying that the pyroclasts were 
quenched without reaching the pivotal vesicularity range, even though they were erupted 
explosively (path ii, Figure 4.12b). Pyroclasts from both eruptions have similar polylobate 
amoeboid bubble shapes and abundant microlites within the groundmass glass (Figures 4.3, 4.5), 
but the textural data differ (Figures 4.6a, 4.8a), reflecting the differing eruption styles and 
degassing histories.  
 The Oneraki high-density mode pyroclasts have been inferred to represent still-liquid, but 
partly degassed material that accumulated in the conduit and was dislodged during the final 
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  eruptive stages [Lloyd and Nathan, 1981; Barker et al., 2012 (Chapter 3)] along with normal highly 
vesicular dry-type pumice (Figures 4.2b,c, 4.12c). Pyroclast textures support this interpretation as 
clasts have an abundance of small round bubbles (<20 µm), representing vesiculation of the 
partially degassed magma upon eruption (Figure 4.6a). The increased magma viscosity due to 
microlite growth would arrest post-fragmentation expansion of the bubbles and restrict bubble 
coalescence [Klug and Cashman, 1994], and would energetically favour nucleation of bubbles rather 
than growth of existing bubbles [Yamada et al., 2008]. This is represented by a lack of increase in 
average bubble diameter with increasing clast vesicularity (Figure 4.11). The range in vesicularities 
and BNDs of these clasts would reflect the amount of partial outgassing that the magma 
experienced prior to being erupted [Hoblitt and Harmon, 1993]. The more outgassing which 
occurred for that particular parcel of magma, the less that magma could vesiculate upon ascent 
and therefore the fewer small bubbles (<20 µm) and smaller BND values in the final pyroclasts 
(Figure 4.6a). Lower vesicularity clasts, in turn, have the most amoeboid-shaped large bubbles 
(Figure 4.3) as these clasts are the least able to expand. 
 The Rangitahua magma, in contrast, is interpreted to have stalled at a shallow level en 
route to eruption, where it partially degassed and grew microlites (Figure 4.12d). On 
remobilization and eruption there would be further nucleation and bubble growth, resulting in an 
increase in the BND with vesicularity (path iii, Figure 4.12b) but to a lesser extent than for the 
Oneraki degassed clasts due to the inferred lower eruption intensity for the Rangitahua eruption 
(Figure 4.13). The majority of Rangitahua pyroclasts do not exceed the 65-75% vesicularity 
threshold, which we interpret to reflect two processes. First, microlite/microphenocryst growth 
with accompanying degassing which would increase the magma viscosity [Blundy and Cashman, 
2005], inhibiting bubble growth. Second, the deposits show evidence for interaction with external 
water (bread-crusted pyroclast textures, an initial phreatic mud layer, and poor sorting). The 
highest vesicularity clasts would have undergone the most vesiculation before being quenched 
and therefore have BSDs and BNDs (Figure 4.8a) and average bubble diameters (Figure 4.11) 
most similar to dry-erupted pyroclasts.  
2. Effusive eruption. The Green Lake floated pumice clasts display textural characteristics 
consistent with large scale open system degassing and slow ascent (path iii, Figure 4.12b), also 
evident in their bubble size distributions (Figure 4.8b). The narrow density distribution centred at 
higher vesicularity (Figure 4.2), and narrow range of BSDs centred at smaller bubble sizes than 
those of Rangitahua and dense late-stage Oneraki pyroclasts (Figure 4.8b), is inferred to be the 
result of collapse of large bubbles and resorption and loss of small bubbles during outgassing of 
magmatic volatiles through permeable networks and by dome extrusion and stretching (Figure 
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  4.12e). Bubbles in these clasts lack the amoeboid shapes seen in clasts from magma that stalled 
prior to eruption and underwent degassing before being erupted explosively (Figures 4.3, 4.5, 
4.12c, d). Instead, their mildly stretched bubbles (Figure 4.5) imply degassing occurred with 
limited further bubble growth prior to eruption, similar to the Taupo floated dome-carapace 
clasts [Houghton et al., 2010]. The highest vesicularity Green Lake floated pumice clast has a BND 
only slightly higher than the modal clast (Figure 4.10) with similar BSD patterns (Figure 4.8b), 
suggesting that few bubbles were nucleated upon depressurization of the magma during ascent, 
likely due to the low residual volatile content of the magma.  
 The ranges in vesicularity and BND values of the Green Lake floated pumices likely 
reflect ranges in pre-extrusion degassing and whether that particular piece of dome carapace was 
in direct contact with lake water and hence able to quench prior to continued vesiculation or 
degassing. The lowest vesicularity clasts have the lowest BND values, as they underwent the most 
outgassing and had the least ability to nucleate new bubbles during ascent. The highest 
vesicularity clast shows evidence for having undergone the least outgassing as it has thin bubble 
walls and rounder bubble shapes which are typical of dry-erupted pyroclasts (Figure 4.5). The 
lower BND values and gentler slopes on Figure 4.10 for the Green Lake floated pumice 
pyroclasts when compared to the Rangitahua and degassed Oneraki pyroclasts (Figure 4.10) can 
also be linked to the effusive nature of this eruption [Toramaru, 1990]. 
 
4.5.2. Using Bubble Size Distributions to Interpret Vesiculation Processes  
 
The mathematical expressions describing bubble size distributions in pyroclasts have been used 
to infer processes such as nucleation, diffusion and decompression [e.g., Blower et al., 2002; 
Gaonac’h et al., 1996a, 1996b, 2003; Colo et al., 2010]. Most BSDs have been found to follow either 
exponential or power law distributions, with most dry-erupted fall deposit pumices following 
power law distributions for all but the smallest bubble sizes [e.g., Klug et al., 2002, Adams et al., 
2006; Carey et al., 2009]. Exponential bubble size distributions are widely interpreted to reflect 
nucleation and viscosity-limited diffusional bubble growth [e.g., Toramaru, 1995; Navon et al., 1998; 
Liu and Zhang, 2000]. The cause(s) of power law distributions is less well understood but is 
thought to reflect bubble coalescence [e.g., Gaonac’h et al., 1996a, 1996b, 2003; Lovejoy et al., 2004] 
or extended intervals of continued nucleation [Blower et al., 2002]. 
 Raoul volcano pyroclast BSDs cannot be fitted singly to either exponential or power law 
distributions (Figure 4.14a). Instead, the smaller bubbles closely approximate an exponential  
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Figure 4.14. Variation in bubble number density for representative modal vesicularity clast (a) and low and high-
vesicularity clasts (b) where the total number of bubbles larger than a given size (Nv>L) is shown as a function of 
bubble size (L). (a) Small bubbles follow an exponential distribution (in blue), corresponding bubble nucleation and 
diffusional growth, and larger bubbles follow a power law distribution (in red), dominated by bubble coalescence. 
Distributions are extrapolated to larger and smaller bubbles sizes (dashed blue and red lines) respectively. The data 
cannot be fit to an entirely exponential (black solid line) or power law distribution (black dashed line). The overlap 
between exponential and power law distributions varies for each sample in this study (see Table 4.1) but is generally 
between 20 and 50 µm (dotted arrows), which corresponds to the bubble size mode commonly seen in silicic 
pyroclasts worldwide. Bubble number volumes (Nv) are corrected for clast vesicularity and phenocryst content. (b) 
Transitions from exponential to power law distributions occur at ~20 µm (arrow) for low-vesicularity dry-erupted 
clasts and over a range of sizes (grey zone) for high-vesicularity clasts, in the latter case due to clast expansion which 
allows small bubbles to further grow by expansion and not necessarily diffusion (see text for discussion). Data is 
shown for representative clasts RI12_P01_C58 (modal vesicularity), RI12_P05_C88 (low-vesicularity) and 
RI12_P05_C41 (high-vesicularity). Bubble number volumes are corrected for clast vesicularity and phenocryst 
content. 
 
 
 
distribution and the larger bubbles measured closely approximate a power law distribution, with a 
transition over 1-4 bubble bin sizes, usually between ~20 and 50 µm diameter (Figure 4.14a). 
This transition coincides with bubble size mode commonly found in this study (Figures 4.6, 4.7, 
4.8) and reported elsewhere [e.g., Klug et al., 2002; Houghton et al., 2010]. We infer that for bubble 
sizes along the exponential distribution the growth function is dominated by a nucleation and 
growth regime, corresponding to a net gain of bubbles. Eventually the point is reached at which 
coalescence begins to dominate, corresponding to a net loss of bubbles, and the size distribution 
would follow a power law (Figure 4.14a). The common bubble mode of ~30 µm coincides with 
this transition where there is a ‘maximum’ of bubbles per unit volume in the nucleating and 
growth regime. We therefore consider the smallest bubbles to represent the last few nucleations 
in a continuously nucleating system, and the larger bubbles to reflect the earliest formed bubbles 
that have varying histories of growth and coalescence, similar to the experiments of Namiki et al. 
[2003] and models of Massol and Koyaguchi [2005].  
 The bubble sizes at which the distributions transition from exponential to power law vary 
between Raoul pyroclasts (Table 4.1), and tend to occur either abruptly at ~20 µm or over a 
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  broad range of sizes between ~20 and 50 µm (Figure 4.14b). The latter is more common for low-
density dry-erupted clasts, and the modal Rangitahua and both Green Lake floated pumice clasts 
(Table 4.1). This difference in transition is interpreted to be due to clast expansion allowing 
bubbles to further grow by expansion (not necessarily diffusion), extending the exponential 
distribution to larger bubble sizes (Figure 4.14a). Clasts with abrupt transitions either quenched 
before expansion occurred (clasts with densities near the fragmentation threshold) or had their 
expansion inhibited (degassed, microlite-rich and thus higher viscosity Oneraki pyroclasts). The 
power law exponents for Raoul pyroclasts (Table 4.1) are within the general range observed for 
silicic pumices [e.g., Klug et al., 2002; Carey et al., 2009]. The Green Lake floated pumices, 
however, have higher power law values (4.3 and 4.5), inferred to be due to loss of the larger 
bubbles through enhanced degassing accompanying shearing. 
 
4.5.3. Implications for Pyroclast Textural Interpretations 
 
The comparisons between data sets available for density distributions in suites of pyroclasts and 
detailed vesicularity/textural studies are, in practice, limited by the time-consuming nature of 
techniques for bubble measurement. Nonetheless, the results of this study highlight important 
implications that must be considered when quantifying pyroclast textural characteristics and 
relating these to eruptive processes.  
 
4.5.3.1. Influence of Small Bubbles on BND Values 
 
Shea et al., [2010a] found that the choice in the minimum number of pixels necessary to 
adequately represent the vesicle size in the FOAMS program is crucial since it has a strong 
influence on measured estimates of bubble number volumes (Nv). Our study confirms these 
findings, as an increase in the minimum resolvable diameter from 5 to 20 pixels shows a drop in 
BND value by up to three times if magnifications higher than 500x are not taken (Table 4.1). 
This reduction in BND value is greatest for clasts with vesicularity closest to the pivotal 
vesicularity range and for dry-erupted pyroclasts, which have a wide range in bubble sizes and a 
larger proportion of small bubbles. This effect may explain why the trends seen in our study of 
increasing BND values for pyroclasts approaching the pivotal vesicularity range are absent in 
other studies that used a 20-pixel cut-off [e.g., Carey et al., 2009; Houghton et al., 2003, 2010; 
Costantini et al., 2010]. 
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  4.5.3.2. Influence of Density Measurement Uncertainties on BND Values 
 
When correcting BND values to the measured clast vesicularities a degree of uncertainty is 
introduced reflecting the uncertainty in the original density measurements. Barker et al. [2012 
(Chapter 3)] show that clast densities can be measured [after Houghton and Wilson, 1989] to within 
0.03 g/cm3, corresponding to ~1.3% vesicularity assuming 2.4 g/cm3 DRE. The range of 
uncertainty this propagates into the vesicularity corrected BND values for this study are shown as 
error bars in Figure 4.10 and diminishes with lower vesicularity clasts as the ratio of glass to 
vesicles increases. 
 
4.5.3.3. The Role of Permeability in Fragmentation 
 
The onset of permeability at a given threshold value of vesicularity would limit the ability of 
clasts to expand and therefore, in principle, limiting their vesicularity [Klug and Cashman, 2002; 
Rust and Cashman, 2011]. High decompression rates within an energetic eruption might thus 
potentially cause the magma to be completely fragmented at the vesicularity threshold resulting in 
ash that shows ‘bubble walls’ which are much thicker than seen in typical pumice (10’s of 
microns vs. ~1µm). Our study shows that dry-erupted pyroclasts from Raoul underwent 
magmatic fragmentation then continued to expand and undergo bubble coalescence and growth 
(unconstrained by the conduit and adjoining magma) before quenching. Rust and Cashman [2011] 
show that clast expansion can occur only if bubble expansion exceeds the ability of the clast to 
degas by permeable flow, which in turn is a function of the permeability, clast size and clast 
overpressure/decompression rate. Additionally, the clast must be able to accommodate 
decompression that preserves it, rather than causing it to further fragment. The final clast 
vesicularity, (limited to ~80-90%), therefore represents the point at which permeable degassing 
exceeds expansion, and is similar to maximum vesicularities obtained for experimental samples 
[Takeuchi et al., 2009] and for Mt. Mazama pyroclasts [Klug and Cashman, 1996].  
 
4.5.3.4. The Nature of Magma on Fragmentation versus Deposition 
 
This study presents evidence to support the hypothesis that magma does not necessarily quench 
the moment it fragments, but instead can undergo varying amounts of post-fragmentation, pre-
quenching bubble development, affecting the eruption history inferred from pyroclasts. These 
changes include, but are not limited to, clast expansion with accompanied decompressive bubble 
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  growth and coalescence, plus degassing and collapse of bubble textures, and lead to the range in 
vesicularities and textures seen at individual stratigraphic levels. For example, clasts from the 
Matatirohia, Oneraki and Rangitahua eruptions show very little variation in textural data for clasts 
of similar vesicularity (Figures 4.6, 4.7, 4.8). Instead, the most significant variations in bubble 
characteristics are seen for clasts of varying vesicularity within a single stratigraphic level. For dry-
type eruptions, the lowest vesicularity clasts have the highest proportion of small bubbles (<20 
µm) (Figures 4.6, 4.7), the highest BND values (Table 4.1) and the smallest average bubble 
diameters (Figure 4.11). In turn, the highest vesicularity clasts have the smallest proportion of 
small bubbles and the lowest BND values and show the most evidence for bubble maturation 
and coalescence (e.g., thinning, wrinkling and rupture of bubble walls). We suggest that BND 
values for silicic pumice generally will have a dependency on clast vesicularity, which is the 
parameter that most affects the variation in textural data seen. 
 Insights into the vesiculation processes occurring prior to fragmentation are difficult to 
interpret as nearly all dry-erupted pyroclasts have passed through the fragmentation threshold 
and undergone some degree of bubble modification prior to being quenched (Figures 4.10, 
4.12a). We suggest that in order to obtain the best representation of the magma at the moment of 
fragmentation, clasts with densities nearest to the pivotal vesicularity range should be chosen for 
textural analyses. Analyses should therefore not be limited to modal density clasts, which likely 
record some post-fragmentation bubble modification. This view concurs with the work of Klug 
and Cashman [1994] who attempted to attain a record of the character of Mt St. Helens pumice at 
the time of fragmentation by manually decoalescing bubbles in 2D images. In addition, clasts 
between eruptions/volcanoes can only accurately be compared with clasts of similar vesicularity 
as post-fragmentation processes modify the BND values to an extent greater than the differences 
that would be expected with varying eruptive intensity or decompression rate. For example, the 
Fleetwood and Matatirohia eruptions have more small bubbles and the Green Lake pumice has 
the least number of small bubbles (Figure 4.7). These important variations would be lost if clasts 
of varying vesicularity were to be compared.  
 
4.5.3.5. Suitability of Using Pumice in Interpreting Eruption Processes  
 
Explosive volcanic deposits typically contain juvenile material ranging from ash fragments 
(mostly representing single vesicle walls) to block-sized pumices [Klug and Cashman, 1996]. A long-
standing question in volcanology is therefore: why is lapilli sized pumice preserved during the 
fragmentation process at all? From our results, we hypothesize that fragmentation occurs over a 
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  ‘zone’ in which some magma fragments completely at the fragmentation threshold vesicularity 
(~70%) while some magma is able to retain its structure and form pumice (possibly around zones 
of permeable degassing) which can undergo post-fragmentation bubble development. Higher 
intensity eruptions may undergo more efficient fragmentation and produce a greater proportion 
of fine ash [Walker, 1981], with pumice representing the magma that didn’t fragment completely 
[Klug and Cashman, 1996]. Therefore, it might be taken that pumice is not a true representation of 
magma at the moment of fragmentation, and that a true understanding of fragmentation 
processes cannot be attainable from pumice data alone [Rust and Cashman, 2011]. The general 
restriction of pumice clast measurements to the 16-32 mm size fraction also instils a degree of 
bias to the data. Ideally BNDs would also be measured on ash [Proussevitch et al., 2011; Genareau et 
al., 2012], which presumably quenches the moment it is fragmented and acts as a more direct 
correlative to magma at the moment of fragmentation. However, much ash is also created by 
shattering of magma during interaction with water, or by abrasion of material during eruptions 
and so identifying particles that reflect magmatic fragmentation alone is problematic. 
Measurement of ash textures also introduces an additional measurement bias since it is limited to 
a small range of bubble sizes on a small range of particle sizes [Proussevitch et al., 2011; Genareau et 
al., 2012]. The Houghton and Wilson [1989] choice of the 16-32 mm sieve size fraction reflects 
clasts which are plentiful in most eruption deposits and are large enough to permit measurement 
of the full range of bubble sizes seen in silicic pyroclasts. In studies where knowledge of the total 
grain size distribution is nearly impossible to ascertain, such as for island volcanoes like Raoul, 
study of pumice textures provides valuable insights into vesiculation and fragmentation 
processes. 
 
4.6. Conclusions 
 
Our findings reveal a pivotal range of vesicularity of ~65-75% in which vesiculating magma is 
most likely to undergo fragmentation. Density distributions show a dearth in pyroclasts in the 
pivotal vesicularity range and quantitative textural data show these pyroclasts have the highest 
vesicularity- and crystal-corrected BND values in each eruption regardless of intensity, style or 
degree of interaction with external water. Clasts with vesicularities higher than the pivotal range 
of ~65-75% vesicularity have decreasing BNDs with increasing vesicularity, reflecting post-
fragmentation but pre-quenching clast expansion, bubble coalescence and growth. Clasts with 
vesicularities lower than the pivotal range have increasing BNDs with increasing vesicularity and 
show textures indicative of pre-fragmentation processes such as stalling and degassing.  
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   This study demonstrates that differing density pyroclasts from a single eruptive sequence 
preserve a range of textures depending on the amount of post-fragmentation bubble 
modification which occurred prior to quenching. There is greater variation in bubble textural data 
between clasts of differing density within the same eruption interval than there is variation 
between similar density clasts of different intensity eruptions. This has implications for pyroclast 
textural studies in which single clasts, usually of modal density, are deemed representative of an 
entire eruptive phase and are compared between eruptive phases or between eruptions. Pumice, 
in general, may not truly be representative of the magma at the moment of fragmentation as it 
represents the magma that didn’t fragment completely. We consider that clasts near the pivotal 
vesicularity range are likely to be the closest representations of magma at the moment of 
fragmentation. 
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Abstract  
 
A major challenge in subaqueous volcanism (particularly in the marine realm) is 
identifying processes and products related to specific eruptive styles [Arculus, 2011]. In 
subaerial volcanism there is a first-order distinction between explosive and effusive 
activity, with the former divided into specific eruption styles (e.g., Plinian, Vulcanian, 
etc.) linked to clast and deposit characteristics that can be quantified for past eruptions 
[Sigurdsson et al., 2000]. In subaqueous volcanism the first-order distinction remains, but a 
unique factor is that any material generated, whether through effusive or explosive 
activity, may be vesicular enough to float in, or on the water column, before waterlogging 
and deposition. Widespread deposits of highly vesicular silicic pumice blanket the flanks 
of many submarine caldera volcanoes in intra-oceanic arc settings, and are typically 
attributed to vigorous explosive activity [Allen and McPhie, 2009; Fiske et al., 1998, 2001; 
Kano, 2003]. Here we document density and textural characteristics of pyroclasts from 
Macauley volcano (Kermadec arc, SW Pacific) to outline an intermediate style of activity 
that is neither effusive nor explosive, yet which generates highly vesicular, widely 
dispersed pumice clasts through buoyant detachment of foaming magma at vent. 
Generation and widespread transport of highly vesicular pumice in the marine 
environment does not therefore require highly explosive activity. 
 
5.1. Nature Geoscience Letter 
 
 The fundamental distinction in volcanism between effusive and explosive activity 
is applied widely to the products of subaqueous eruptions using studies of uplifted 
deposits [Allen and McPhie, 2009], in-situ dredge and remotely operated vehicle 
investigations [Fiske et al., 2001], and reports of floating pumice rafts [Fiske et al., 1998]. 
The end-member regimes, particularly for silicic magmas are: (a) vigorously explosive, 
driven by exsolution of magmatic volatiles [Allen and McPhie, 2009; Fiske et al., 1998, 
2001; Kano, 2003], and (b) dome-building which varies from wholly effusive to partly 
explosive [Kano, 2003; Allen et al., 2010]. Density spectra and vesicularity textures in 
subaerial erupted clasts are used to provide insights into vesiculation and fragmentation 
processes [Houghton and Wilson, 1989; Klug et al., 2002; Spieler et al., 2004; Houghton et al., 
2010], but have not yet been widely applied to subaqueous deposits.  
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 Explosive subaerial silicic eruptions driven by exsolution of magmatic volatiles 
characteristically produce vesicular pumice (~70–85% vesicles [Sparks, 1978; Houghton 
and Wilson, 1989], with evenly developed vesicularity textures, similar bubble size 
distributions (BSD) and narrow ranges in bubble number densities (BND) [Klug et al., 
2002]. Seafloor deposits of comparably vesicular pumice are interpreted similarly in terms 
of their eruptive style [Fiske et al., 2001; Allen and McPhie, 2009]. In contrast, material 
forming the pumiceous carapaces of both subaerial and subaqueous silicic lava domes, 
although sometimes moderately to highly vesicular [Allen et al., 2010], inevitably shows 
evidence for outgassing and accompanying crystallization [Blundy and Cashman, 2005]. 
Explosive activity (Vulcanian) disrupting such dome carapace material in the subaerial 
environment [Wright et al., 2007] yields fragments with high crystal contents, distinctive 
degassed-bubble textures, thick vesicle walls, and abundant microlites [Wright et al., 2007; 
Houghton et al., 2010]. Here we apply the tools of clast density [Houghton and Wilson, 1989] 
and vesicle textural analysis [Shea et al., 2010a] to dredged submarine pyroclasts from 
Macauley volcano in the Kermadec arc (Figure 5.1). These pyroclasts show distinctive 
features inconsistent with an origin by either end-member eruptive style.   
 
 
 
Figure 5.1. Bathymetry and dredge sample locations at Macauley volcano. Inset map shows the location of 
volcanoes along the Kermadec arc. Circles are silicic calderas and triangles are basaltic-andesite volcanoes. 
Labelled white lines are dredge sample locations. 
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Macauley volcano is mostly submergent, except for the 3 km2 Macauley Island 
(Figure 5.1). Its ~8 × 11 km caldera is interpreted [Lloyd et al., 1996] to have formed in a 
>1–5 km3 (magma) eruption at 6.1 14C ka, which deposited up to 100 m of ignimbrite 
(Sandy Bay Tephra) on the island (Figure 5.1). We collected material from the subaerial 
Sandy Bay Tephra, and dredged clasts from what we originally inferred to be its 
submarine equivalent at eight locations on the volcano flanks. Geochemical data from 
these clasts [Barker et al., 2012 (Chapter 3)] show, however, that there have been other 
felsic eruptions, not just the Sandy Bay [Barker et al., 2012 (Chapter 3); Barker et al., 2013 
(Appendix H), Smith et al., 2003b] contributing to the surficial seafloor pumice layer 
sampled (Table 5.1). 
 Pyroclasts from the Sandy Bay Tephra have a narrow density spectrum with a 
dominant mode (0.42 g/cm3), consistent with explosive magmatic fragmentation 
[Cashman et al., 2000] (Figure 5.2), as observed at numerous subaerial examples worldwide 
[Houghton and Wilson, 1989; Mueller et al., 2011]. The dredged pyroclasts, however, yield a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Density spectra of 16–32 mm pyroclasts from 
Kermadec volcanoes [Barker et al., 2012 (Chapter 3)], plus 
floated dome carapace from Taupo. Raoul subaerial 
samples are for non-degassed, dry-type [Cashman et al., 
2000] eruptions. Sandy Bay pyroclasts have a spectrum 
similar to Raoul subaerial and Healy and Raoul SW 
submarine-erupted pyroclasts (dotted line represents 
magmatic fragmentation mode), whereas Macauley 
dredged pyroclasts have a bimodal spectrum straddling 
this value. The Green Lake and Taupo floated dome 
carapace clasts were erupted beneath lakes [Houghton et al., 
2010; Barker et al., 2012 (Chapter 3)] (dashed line 
represents average clast density). Labelled stars represent 
the density of each region of clast D31_C6 (Figure 5.3); 
‘clast’ represents the whole-clast density; n = number of 
clasts measured. 
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contrasting density distribution, with a narrow mode at 0.20 g/cm3, and a broad mode 
and tail at >0.5 g/cm3 (Figure 5.2). Clasts from the low-density mode are rounded with a 
highly-vesicular, evenly developed foamy appearance [Barker et al., 2012 (Chapter 3); 
Kueppers et al., 2012a]. Clasts from the higher-density tail are dominantly sub-angular and 
blocky, with prismatic joint faces and vesicles stretched to oblate ellipsoids perpendicular 
to jointing. In addition, ~5–10% of clasts (‘gradient clasts’) show continuous gradients 
from denser blocky to vesicular foamy pumice, over distances as short as 2–3 cm (Figure 
5.3) though with homogeneous glass chemistry (Table 5.1). Both in their density 
distributions and appearance, the dredged pumices show features unusual in, or absent 
from, subaerial silicic pumices. 
 Back-scattered electron (BSE) images of gradient clasts show that vesicles at the 
denser, blocky end are elongated parallel to the clast margin, with thick (<50 µm) 
microlite-free glass walls (Figure 5.3b). The corresponding BSD modes and BND values 
are similar to those in clasts of similar bulk composition and density erupted subaerially 
at Raoul volcano (Figure 5.3c; Table 5.2). Toward the foamy end of the gradient clasts, 
vesicularities increase (up to 94%), bubbles become near-spherical and their walls thin to 
~1 µm (Figure 5.3b). In addition, the BSD mode shifts to larger sizes that are beyond the 
range typical of subaerial erupted pumices [Klug et al., 2002; Houghton et al., 2010; Shea et 
al., 2010a], including comparably vesicular clasts from Raoul [Rotella et al., 2013a (Chapter 
4)] (Figure 5.3c). BND values decrease from the blocky to foamy regions, interpreted to 
reflect continuing vesicle coalescence and growth acting under isotropic stress conditions 
in the absence of shearing and bubble distortion. Higher- and lower-density regions in 
individual gradient clasts correspond to textures in homogeneous clasts from the high- 
and low-density modes, with similar BND values and BSD modes (Figure 5.3c). We thus 
infer the homogeneous clasts to be derived by fragmentation of bigger clasts which had 
gradients developed on a scale larger than the pieces sampled (i.e. decimetre to metre 
scale). 
The ranges of densities and textures in dredged Macauley pumices imply that 
they were produced (and consequently dispersed) by mechanisms different to the end-
member effusive or explosive styles currently proposed for subaqueous eruptions. The  
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Figure 5.3.  Textural data for representative gradient clast D31_C6. (a) Clast (top) and thin section 
(bottom). Numbered boxes are areas shown in (b) and (c). (b): Images for numbered areas. (c): BSD data 
for the numbered regions. Grey lines denote data from low (L) and high (H) vesicularity modal clasts 
(Appendix F). Grey shaded region is data from Raoul subaerial pumices [Rotella et al., 2013a (Chapter 4)] 
(ves = vesicularity, BND = vesicularity-corrected bubble number density). (d): Images for floated dome 
carapace material from Taupo, a modal density clast from the Sandy Bay Tephra (SBT: Macauley Island), 
and from a subaerial fall deposit from Raoul. 
 
 
bimodality of density spectra and vesicularity textures cannot reflect two different 
eruptive styles, because these contrasts occur within individual gradient clasts. The lower-
density clasts differ from explosively fragmented pyroclasts from subaerial Macauley and 
Raoul deposits (Figure 5.3d) in having homogeneous textures and small ranges in BND 
and BSD values. Vesicle textures preclude the higher-density blocky clasts representing 
explosively disrupted (Vulcanian) magma carapace [Wright et al., 2007], as the latter show 
degassed bubble textures, lower vesicularities in both the rinds and interiors, and high 
microlite contents, indicative of magma stalling and gas loss prior to fragmentation 
[Blundy and Cashman, 2005]. Dredged Macauley pyroclasts lack both the microlites, and 
distorted and deflated bubble shapes observed in blocks floated from dome carapaces 
extruded beneath lakes at Taupo [Houghton et al., 2010] and Raoul [Barker et al., 2012 
(Chapter 3)] volcanoes (Figure 5.3d; Appendix F) and contain lower phenocryst contents 
(<5%) [Barker et al., 2013 (Appendix H)]. 
We propose the occurrence of a novel eruptive style, distinct in several key 
respects. In this style, we infer that the magma does not fragment within the conduit, as 
for submarine neptunian eruptions [Allen and McPhie, 2009] but instead reaches the 
seafloor as a coherent vesiculating foam [Stern et al., 2008] (Figure 5.4). At the vent, 
instead of forming a lava extrusion the magma is sufficiently vesicular to be positively  
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Figure 5.4. Explanatory cartoon of the Tangaroan eruption style. Insets (i-iii) show the progression of 
bubble growth and coalescence at the bleb interior. i: blebs detach from the vent at ~60% vesicularity, ii-iii: 
blebs rise toward the sea surface while continuing to internally vesiculate, expand, and spall off quenched 
rind fragments. See text for details. 
 
 
buoyant. Blebs of bubbly magma form and rise through buoyancy forces, either by 
viscous detachment or by the development of cooling joints, since magma with 60% 
vesicularity (represented by the higher-density blocky clasts) has a density of 0.95 g/cm3. 
Subsequent disintegration of the buoyant blebs occurs, to create the sampled clast 
population, but this process may be delayed through: (a) an insulating steam sheath 
[Kokelaar, 1986], and (b) the impermeability of the higher-density material with its 
isolated bubbles and thick glass walls (cf. Rust and Cashman [2011]; Figure 5.3b; Appendix 
F). As the bleb rises toward the sea surface the still-molten interior continues to 
vesiculate under decreasing hydrostatic pressures (Figure 5.4). Bubbles just inside the 
quenched margin are stretched parallel to the bleb margin while the glass is still plastic to 
yield the oblate vesicle texture, while interior bubbles grow and coalesce to >90% 
vesicularity under isotropic stress conditions in the absence of shearing, forming 
homogeneous foamy textures. These processes are halted when water enters the bleb 
through cooling joints and/or inflation cracks, causing it to disintegrate, or the bleb may 
cool slowly and water may be drawn in gradually until the clast sinks. Widely dispersed 
fragments (tens of kilometres or more) of the foamed interiors and quenched exteriors 
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yield the bimodal clast density distribution (Figure 5.2), with the corresponding 
distinctive textures (Figure 5.3b), and broad range in chemistry at single dredge sites 
[Barker et al., 2012 (Chapter 3), 2013 (Appendix H)] (Figure 5.5; Table 1).   
This novel eruptive style is inferred to reflect intermediate eruption rates with the 
magma vesiculating to a state where its buoyancy in water primarily controls its 
behaviour as it emerges from the vent. At higher eruption rates, magmatic fragmentation 
within the conduit will dominate as the magma is torn apart by bubble expansion 
(neptunian eruption style [Allen and McPhie, 2009]) but this inevitably results in distorted 
vesicle textures over a broad range in bubble sizes, reflecting shear strain imparted in the 
conduit. At lower eruption rates, the magma will generate domes or lava flows, similar to 
those on land, with accompanying open-system degassing to generate microlites and 
distinctive vesicle textures in their pumiceous carapaces (fragments of which can also 
detach and float [Allen et al., 2010; Houghton et al., 2010].  The combination of 
intermediate eruption rates and an overlying substrate of water gives rise to an eruption 
style that is unique to subaqueous volcanism, and does not fit into either pre-existing 
explosive or effusive regimes. 
 Given the distinctive characteristics of the Macauley pyroclasts and their inferred 
origin, we suggest this style of volcanism be named Tangaroan for the research vessel used 
to collect the samples, itself named after the Maori god of the sea. Dispersal of 
Tangaroan clasts can be widespread as transport of the detached blebs will occur in the 
heated, buoyant water plume above the vent and at the water surface (Figure 5.4). In 
addition, liberation of fragments from disintegrating blebs occurs at (or below) the water 
surface and the fragments can thus drift farther while settling through the water column. 
The resulting eruption deposit characteristics, even if fed solely by this style, may thus 
vary widely due to the diversity of possible events. These could include the timing of 
when/if the blebs quench and disintegrate, the speed and direction of transporting 
plumes and currents, and the amount of syn- and post-depositional seafloor reworking of 
the waterlogged near-neutrally buoyant clasts. The Tangaroan eruption style may thus 
contribute texturally distinctive clasts to a wide variety of subaqueous volcaniclastic 
deposits, with no single unique facies geometry, distribution, volume or thickness range 
that corresponds to the style. 
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Figure 5.5. Selected major element compositions of glass analysed from Macauley pyroclasts. 2 SD 
calculated from repeated analysis of glass standards VG568 and VGA99 (see Chapter 2 for standard 
details). 
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 We infer that the Tangaroan eruptive style has been recorded or observed in 
modern subaqueous eruptions but that its general significance as a source of submarine 
pyroclasts has not been recognized, in part due to a lack of corresponding clast-specific 
data. Several silicic examples have been recorded. At West Rota volcano, Marianas arc, 
near-neutrally buoyant, meter-scale rhyolite ‘pumice balloons’ with radial interior cooling 
joints are recorded [Stern et al., 2008].  Dacite-rhyolite pumices in the San Agustin deposit 
from Ilopango caldera, El Salvador [Mann et al., 2004] also show evidence for rapid 
cooling (jointing and quenched exteriors), wide ranges in vesicularity and textures, 
intermediate eruption rates and passive flotation of clasts away from vent. In the 1934–
1935 Shin-Iwojima eruption, Japan, metre-sized rhyolite pumice blocks rose in swarms to 
the sea surface. This eruption overall was non-violent and ships were able to move 
through the near-vent pumice raft [Fiske et al., 1998]. Although proposed here for silicic 
compositions, Tangaroan-style processes could apply to other magma compositions. 
Basaltic examples may have occurred near Socorro Island, Mexico [Siebe et al., 1995] and 
Terceira, Azores [Gaspar, 2003; Kueppers et al., 2012b] when highly vesicular to hollow, 
ellipsoidal ‘basalt balloons’ up to 3 m across, rose to the sea surface in irregular pulses.  
This distinctive Tangaroan subaqueous eruption style enables transport and deposition of 
pyroclasts (blebs and their disintegrated fragments) over significant distances. The 
fragments may contribute to sheet forming, not necessarily or exclusively cone-forming, 
volcaniclastic deposits in an eruptive style that need not be either voluminous or highly 
energetic. Clasts with blocky and foamy end-member characteristics, plus gradient clasts, 
were found in all dredges up to 25 km from Macauley caldera rim (Figure 5.1), and other 
clasts may have floated farther. This eruption style can also generate exceedingly (>90%) 
vesicular pumice without explosive activity. The presence of widespread pumice blankets 
on submarine caldera volcanoes, for example, thus cannot be taken automatically to 
indicate the existence of large-scale explosive volcanism.  
 
5.2. Methods 
 
Samples of lapilli to block-sized pumices were collected from the subaerial Sandy Bay 
Tephra and by seafloor dredging on the volcano flanks at sites shown in Figure 5.1. 
Suites of >100 clasts from the 16-32 mm sieve fraction had their densities measured17 
using the techniques of Houghton and Wilson  [1989]. Vesicularity was calculated with a 
DRE of 2.4 g/cm3 [Klug et al., 2002; Barker et al., 2012 (Chapter 3)]. See Barker et al. [2012 
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(Chapter 3) and Appendix C for details of the density measurement methods and 
associated uncertainties. Fifteen representative clasts across the density range measured 
were selected from Macauley dredged clasts to investigate vesicularity textures in thin 
section. Four clasts were from the low-density modes and five from the high-density 
modes in homogeneous clasts, and six others were gradient clasts (Appendix F). Each 
thin section was imaged using transmitted light, then a series of BSE images were taken 
at nested magnifications (to a maximum of 500x) until the smallest bubbles were >5 
pixels in diameter, corresponding to an uncertainty in bubble size of 5% for one 
incorrect pixel [Shea et al., 2010a]. For homogeneous clasts from the two density modes 
two series of nested images were taken at random, while for gradient clasts, nested 
images were taken along the gradient. One representative clast from each of the low- and 
high-density modes and a gradient clast were then chosen for quantitative vesicularity 
measurements. Binary images were created using Adobe Photoshop. Bubble number 
volumes (Nv) were calculated using FOAMS [Shea et al., 2010a] and vesicle volume 
fractions and vesicularity-corrected BNDs were calculated following Sahagian and 
Proussevitch [1998]. Comparative image sets were also taken for one clast from the Sandy 
Bay Tephra from Macauley Island [Lloyd et al., 1996; Barker et al., 2012 (Chapter 3), Rotella 
et al., in prep (Chapter 6)] and clasts derived by flotation from subaqueously extruded 
domes from Taupo [Houghton et al., 2010] and Raoul volcanoes [Barker et al., 2012 
(Chapter 3); Rotella et al., 2013a (Chapter 4)] (Figure 5.3d; Appendix F). Note that BSDs 
for regions of the gradient clasts represent only a small portion (<20%) of the clast and 
therefore the largest bubble sizes are potentially not fully represented. This is most 
pronounced in the comparison of the BSD for the low-density homogeneous clast to 
that for region 4 (foamy, high-vesicularity end) of the gradient clast (Figure 5.3). In this 
case the homogeneous low-density clast has a BSD with a larger range in bubble sizes 
(more bubbles >200 µm) with a higher bubble size mode compared to region 4 of the 
gradient clast, which is to be expected if a larger region is sampled. 
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Chapter 6 
Explosive Deep Submarine Erupted Pumice:  
Insights from the Kermadec Arc, SW Pacific 
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  Abstract 
 
Despite the increasing recognition of pumice-forming eruption deposits in deep water, 
the processes involved in explosive silicic submarine eruptions remain largely 
unexplored. Pyroclasts sampled from the Kermadec arc show that silicic pumices erupted 
in deep submarine environments are macroscopically similar (colour, density, texture etc) 
to subaerial or shallow submarine erupted pumices, but show contrasting microscopic 
vesicle textures. Here we present data on clast densities and associated vesicle sizes and 
number densities (number of bubbles per unit of solid matrix) for deep submarine 
erupted pumices (>~1000 m water depth) from three volcanoes (Healy, Raoul SW and 
Havre) along the Kermadec arc (SW Pacific). We compare these textural data with those 
from chemically similar, subaerially erupted pyroclasts from Raoul volcano as well as 
newly described ‘Tangaroan’ fragments derived by non-explosive, buoyant detachment of 
submarine erupted pumice from Macauley volcano, also on the Kermadec arc. We use 
these data sets to evaluate processes in deep explosive submarine eruptions and to 
investigate the effects of a significant overlying water column and associated increased 
pressure on vesiculation and fragmentation. We find that despite having similar ranges in 
vesicularity, deep submarine erupted pyroclasts record a differing vesiculation history 
than subaerial erupted pyroclasts. The higher-pressure regime that deep submarine 
pyroclasts are erupted into (i.e. higher pressure, density and viscosity of water vs. 
atmosphere) appears to play a major role in bubble nucleation and growth dynamics. 
Deep submarine erupted pyroclasts show bubble size distributions (BSDs) with few 
small (<10 µm) bubbles, a pronounced mode at ~30 µm and a larger (volume based) 
median vesicle size of 40-50 µm compared to the Raoul subaerially erupted pyroclasts. In 
addition, bubble number density (BND) values show a mild increase with increasing 
vesicularity, in contrast to Raoul pyroclasts which have the highest BND values at a 
pivotal vesicularity range (~65-75%) and BND values that decrease sharply thereafter 
with increasing vesicularity, owing to post-fragmentation bubble coalescence and growth. 
Deep submarine erupted pyroclast textures also show differences to Tangaroan 
pyroclasts in which BSD and BND values indicate a regime dominated by bubble growth 
and coalescence. We suggest that for deep submarine erupted pyroclasts, the post-
fragmentation bubble maturation regime is dominated by growth with some continued 
nucleation. The distinctive vesicularity textures of deep submarine erupted pyroclasts are 
attributed to the higher-pressure submarine environment, reflecting the inability to 
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  ingest, heat and make buoyant the medium they erupt into, and having to overcome the 
inertia of entering an environment with much higher density, viscosity and pressure than 
atmospheric air. The lower pressure drop on eruption in the deep submarine 
environment compared to that of the subaerial environment would result in less potential 
for bubble nucleation, causing overall lower BND values for clasts within the pivotal 
vesicularity range. After fragmentation, the higher-pressure confining environment of 
water would hinder clast expansion, coalescence of bubbles and thinning of bubble walls, 
causing clasts to have similar BND values, regardless of their vesicularity. Instead, any 
increase in vesicularity over the 65-75% of the pivotal range occurs dominantly by 
bubble growth, in contrast to subaerial counterparts in which clast expansion and bubble 
coalescence dominates. Although deep submarine erupted pyroclasts are 
indistinguishable on bulk vesicularity or macroscopic appearance alone, they are 
markedly different in their microscopic textures, potentially allowing them to be 
identified in modern and ancient pumice-bearing marine sediments. 
 
6.1. Introduction 
 
The conditions accompanying voluminous pumice-forming submarine eruptions have 
been the center of much study and debate, driven by challenges in observations and 
documentation [e.g., Fiske and Matsuda, 1964; Burnham, 1983; Cas et al., 1990; Cashman and 
Fiske, 1991; White et al., 2003; Wohletz, 2003; Downey and Lentz, 2006]. For some time, it 
was widely accepted that pumice-forming eruptions could not occur under pressures in 
excess of the critical point of seawater (~2200-3000 m water depth depending on 
salinity), and were unlikely at >1000 m water depth [e.g., McBirney, 1963; Cas and Wright, 
1987; Cas et al., 1990; Cas, 1992]. This view has changed in recent years as seafloor 
exploration has documented an increasing number of deepwater silicic calderas and 
pumice outcrops, many at depths of >1000 metres below sea level (mbsl). Submarine 
calderas and deep pumice deposits have now been described from the Izu-Bonin arc 
[Halbach et al., 1989; Fiske et al., 2001; Yuasa and Kano, 2003], the Woodlark and eastern 
Manus basins [Binns, 2003], the southern Mariana arc [Bloomer and Stern, 2001] and along 
the Tonga-Kermadec arc [Wright et al., 1998, 2003, 2006; Barker et al., 2012 (Chapter 3)]. 
In addition, numerical and experimental models have aided the understanding of volatile-
exsolution in explosive eruptions and indicate that explosive eruptions can theoretically 
occur in water depths of >3 km [Burnham, 1983; Wohletz, 2003; Downey and Lentz, 2006; 
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  Stix and Philips, 2012], provided that volatile contents and discharge rates are sufficiently 
high enough. 
 In the subaerial environment, the dynamics of explosive pumice-forming 
eruptions have been relatively well documented, with in-situ field studies, eye-witness 
accounts and well-constrained experimental and theoretical models adding to our 
knowledge of the many aspects of eruption processes from bubble nucleation and 
vesiculation through to plume dynamics [e.g., Sparks, 1986; Woods, 1988; Cashman and 
Mangan, 1994; Klug and Cashman, 1994; Sparks et al., 1997; Cichy et al., 2011; Gonnermann and 
Houghton, 2012]. Parallels, however, have not been widely drawn to silicic eruptions in the 
submarine environment, as many of the eruption parameters are exceedingly difficult to 
model and constrain due to: (1) the vastly different conditions and range of 
unconstrained variables (e.g., multiple phases present, large density contrasts, and the 
processes occurring within the probable range of the critical point of seawater) [e.g., 
McBirney, 1963; Kano et al., 1996; Wohletz, 2003; Downey and Lentz, 2006; Woods, 2010], and 
(2) the difficulty of sampling and interpreting deposits in the largely inaccessible 
submarine environment [e.g., Halbach et al., 1989; Fiske et al., 2001; Hekinian et al., 2008]. 
Therefore, many questions remain about the effect(s) a large amount of overlying water 
has on explosive silicic eruption processes. In this paper we add to the current 
knowledge of submarine explosive silicic eruptions through an investigation of 
vesicularity textures in deep submarine erupted pumice pyroclasts. 
 Numerous quantitative textural studies of subaerial erupted pyroclasts have 
provided valuable insights into magma storage, ascent and eruption conditions for 
explosive silicic eruptions [e.g., Toramaru, 1990; Klug and Cashman, 1994; Klug et al., 2002; 
Shea et al., 2012a; Rotella et al., 2013a (Chapter 4), 2013b (Chapter 5)]. This study uses a 
similar approach to provide unique insights into the eruption dynamics of deep 
submarine-erupted pumice along the Kermadec arc by measuring their bubble size and 
number density characteristics. We then compare these data with subaerial and shallow 
submarine erupted pyroclasts from volcanoes in the same tectonic setting, which have 
similar eruption ages, crystal contents and chemistries [Barker et al., 2013 (Appendix H)]. 
Pyroclast densities, bubble textural data (i.e., bubble size distributions and number 
densities) and major element glass chemistries in clasts from three deep submarine 
volcanoes (Healy, Raoul SW and Havre) are compared to subaerially erupted equivalents 
from Raoul volcano [Rotella et al., 2013a (Chapter 4)] and pyroclasts from submarine 
erupted ‘Tangaroan’ pyroclasts from Macauley volcano, which are inferred to have been 
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  generated non-explosively at intermediate eruption rates [Rotella et al., 2013b (Chapter 5)]. 
Qualitative comparisons are also drawn between pyroclasts from the Sandy Bay Tephra 
from Macauley Island. By comparing and contrasting vesicle textures from each setting, 
we show that the presence of a large overlying water column does affect vesiculation of 
pyroclasts during eruption and that deep submarine erupted pumices may in fact be 
distinguishable by their unique microtextures. 
 
6.2. Geological Setting and Sample Collection 
  
The Kermadec arc (Figure 6.1) represents the southern, 1200 km-long extension of the 
Tonga-Kermadec subduction system, associated with Pacific-Australian intra-oceanic 
plate convergence to the northeast of New Zealand [see Smith and Price, 2006, for review]. 
The Kermadec arc is represented dominantly by submarine volcanoes, with only Raoul, 
Macauley, Curtis and L’Esperance volcanoes being partially emergent (Figure 6.1). The 
presence of silicic volcanism along the arc has long been recognised from subaerial 
deposits [e.g., Lloyd and Nathan, 1981; Lloyd et al., 1996], however, not until detailed 
bathymetric mapping and submarine sampling was undertaken was it recognised that  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Regional tectonic 
setting of the Kermadec arc 
resulting from the subduction 
of the Pacific plate under the 
Indo-Australian plate. Relative 
Pacific-Australian plate motions 
(mm/yr) shown by dashed 
arrows are from DeMets et al. 
[1994]. Dark grey triangles 
represent basaltic-andesite 
volcanoes and light grey circles 
represent silicic caldera 
volcanoes. Modified from 
Barker et al. [2012 (Chapter 3)]. 
Gamble, 1999; Haase et al., 2002; 
Wright et al., 2002, 2003, 2006]. 
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  The Kermadec submarine caldera-related, explosive silicic volcanism is 
widespread [e.g., Wright and volcanoes in this study (Healy, Havre, Macauley, Raoul SW 
and Raoul) offer the opportunity to compare and contrast eruptions in the subaerial, 
shallow water and deep water environments as they have explosively erupted silicic 
magmas within the last 10 kyr with associated caldera collapse [Lloyd and Nathan, 1981; 
Lloyd et al., 1996; Worthington et al., 1999; Wright, 2001; Smith et al., 2003a, 2003b, 2006; 
Wright et al., 2003, 2006; Barker et al., 2012 (Chapter 3), 2013 (Appendix H)]. Samples for 
this study were collected during the 2007 voyage of the R.V. Tangaroa (TAN0706) by 
seafloor dredging around Healy and Raoul SW volcanoes (far from shallow or subaerial 
volcanoes) and from subaerial exposures of the Sandy Bay Tephra pyroclastic deposit on 
Macauley Island (Figure 6.2). Samples were also collected by the H.M.N.Z.S. Canterbury 
shipboard crew and scientists  
 
 
Figure 6.2. Seafloor bathymetry and sample dredge locations (grey lines labelled by dredge number) at (a) 
Healy (b) Raoul SW and (c) Macauley volcanoes. Only dredge sites for which pumice was recovered are 
shown. Dredge locations for pyroclasts used in this study are marked with an asterisk. Bathymetry is from 
R.V. Tangaroa EM300 multibeam mapping and is modified from Barker et al. [2012 (Chapter 3)]; white 
regions are areas without multibeam data. All bathymetry maps are shown at the same depth scale, note the 
change in distance scale for Healy volcano. Inset map for Macauley volcano is modified from Smith et al. 
[2003b] and shows the location of four subaerial sample sites on Macauley Island (red stars). Red and blue 
dotted outlines in (b) depict Raoul and Denham caldera and are modified from Worthington et al. [1999]. 
Bathymetry maps are modified from Barker et al. [2012 (Chapter 3)]. See Rotella et al. [2013a (Chapter 4)] for 
the vesicularity study of subaerial erupted pyroclasts from Raoul volcano and Rotella et al. [2013b (Chapter 
5)] for the vesicularity study of submarine dredged pyroclasts from Macauley volcano. 
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  from a ~185 km x 65 km floating pumice raft on 9 August 2012 at 30°24’S, 179°27’E. 
The floating pumice raft has been linked to the eruption of Havre volcano on the basis 
of satellite images that show a cold subaerial steam plume and associated discoloured 
water over the approximate location of the volcano on 18-19 July 2012 [NASA Earth 
Observatory, 2012]. 
 
6.2.1. Healy Volcano 
 
Healy is a wholly submerged silicic composite volcanic complex consisting of a central 
edifice to the SW at 1150 m water depth, and a large caldera (~2-2.5 km diameter) on the 
NE mid-lower flanks (Figure 6.2a) [Wright and Gamble, 1999; Barker et al., 2012 (Chapter 
3)]. The caldera walls rise 250-400 m above the ~1700 m deep caldera floor. Sidescan 
sonar imagery shows the volcanic complex is mantled with pumice deposits over >50 
km² [Wright and Gamble, 1999; Wright, 2001; Wright et al., 2003]. The eruptive sequences, 
however, are unknown as only dredge samples are available. Wright et al. [2003, 2006] 
suggested that a large recent eruption, to which was attributed 10-15 km3 of pyroclastic 
material, caused the caldera collapse. Despite wide variations in clast colours and textures 
at Healy [Wright et al., 2006] there is a narrow compositional range (69.5-71.5 wt % SiO2 
[Barker et al., 2012 (Chapter 3]) for all pumice clasts analysed [Barker et al., 2013 
(Appendix H)]. Textural analyses of samples from four dredge sites along the NW and 
SE sectors are used in this study to focus on the most widely dispersed products of the 
larger explosive event(s) at the volcano. Material sampled closer to the NE/SW trending 
lineations of ridges and cones that run along the eastern side of the volcanic complex 
following the caldera rim (Figure 6.2a) contained a greater variety of material that 
plausibly was sourced from contrasting eruption styles. 
 
6.2.2. Havre Volcano   
 
Havre is a wholly submerged silicic (whole rock 67.2-70.6 wt. % SiO2) volcano, west of 
the Kermadec ridge in a similar setting similar to Healy and Brothers volcanoes (Figure 
6.1). The caldera caps a 1 km high edifice and is ~3 km wide with walls rising 540 m 
above the 1520 m deep floor (Wright et al. [2006]; Figure 6.3). This study investigates 
pyroclasts erupted in July 2012 and sampled in August 2012 from a large floating pumice  
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Figure 6.3. Bathymetry and synoptic 
volcanic geology of Havre volcano 
[modified from Wright et al., 2006]. 
 
 
 
raft located to the northwest of New Zealand. Satellite images showed a steam plume on 
18 July 2012 several degrees warmer than the ambient seawater temperature emanating 
from the sea surface (Figures 6.4, 6.5) at 30°7’S, 179°12’W, implicating Havre volcano as 
its source [NASA Earth Observatory, 2012; Universite Libre de Bruxelles, 2012]. Preliminary 
observations from a NIWA cruise in October 2012 show the presence of a new cone 
built on the existing caldera rim at 1100 mbsl, which was the source of the 2012 eruption 
[NIWA, 2012]. As pumice from the August 2012 raft is unequivocally from an explosive 
submarine eruption, it is used to compare density, chemistry and textural characteristics 
with Healy, Macauley and Raoul SW clasts. Havre volcano samples were collected from 
the floated pumice raft, from the H.M.N.Z.S. Canterbury engine cooling-water intake, and 
also from clasts that were washed ashore on Denham Bay at Raoul Island. These clasts 
ranged in size from ~1 cm up to ~4 cm in diameter and were similar to each other in 
appearance and macroscopic textural attributes.  
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Figure 6.4. Brightness temperature image from MODIS band 20 (3.75 m) taken on 18 July 2012 at 
9:50pm, showing a subaerial steam plume ~15 °C warmer than average sea surface temperature [Universite 
Libre de Bruxelles, 2012]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5. MODIS Terra image 
(10H50Z) taken on 18 July 2012 showing a 
hot spot (white pixels within red circle) of 
22-23 °C compared with an average sea 
temperature of 17-18 °C, with an 
accompanying subaerial steam plume (red 
arrow). Pixel size is 1 km. Image courtesy 
of the NASA Earth Observatory [2012], 
sourced from Universite Libre de Bruxelles 
[2012]. 
 
 
 
6.2.3. Macauley Volcano 
 
Macauley Island is the 3 km² emergent rim portion of a large submarine caldera volcano 
[Lloyd et al., 1996; Figure 6.2c]. The island is dominantly composed of basaltic lavas and 
pyroclastic deposits, punctuated by deposition of up to 100 m of dacitic ignimbrite 
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  during the 6.3 14C ka Sandy Bay eruption [Brothers and Martin, 1970; Ewart et al., 1977; 
Lloyd et al., 1996; Smith et al., 2003b], which is in turn overlain by minor basaltic 
pyroclastic deposits and lava. Immediately northwest of Macauley Island, the roughly 
circular ~11 x 8 km submarine Macauley caldera reaches ~1100 m water depth (Figure 
6.2c) and is generally interpreted to have been generated during the Sandy Bay eruption 
[Latter et al., 1992; Lloyd et al., 1996; Smith et al., 2003b]. Barker et al. [2012 (Chapter 3), 
2012b (Appendix H)] present, however, evidence from diverse pumice compositions for 
the caldera being a composite feature generated by various eruptions varying from large 
explosive plinian-style (Sandy Bay) to low-eruption rate non-explosive submarine 
Tangaroan-style eruptions [Rotella et al., 2013b (Chapter 5), Appendix F]. Samples for this 
study were collected from Macauley Island in 2007 at four sites along the east coast and 
are compared to samples dredged from the seafloor around Macauley volcano (Figure 
6.2c) [Rotella et al., 2013b (Chapter 5)]. 
 
6.2.4. Raoul SW Volcano 
 
Raoul SW volcano is ~20 km southwest of Raoul Island (Figure 6.1), and was discovered 
in 2007 during the TAN0706 voyage of the R.V. Tangaroa by multibeam mapping [Barker 
et al., 2012 (Chapter 3)]. Raoul SW caldera has a diameter of ~4 km and a floor depth of 
~1200 mbsl (Figure 6.2b). The caldera truncates the summit of an edifice that extends 
SE beyond the area surveyed in 2007. Samples were collected by two opportunistic 
dredges of the caldera rim and floor (Figure 6.2b) and recovered exceedingly fresh, highly 
vesicular pumice. Whole rock analyses show the most evolved compositions (73.5-75.0 
wt. % SiO2) of all the volcanoes in this study [Barker et al., 2012 (Chapter 3)]. The pristine 
morphology of Raoul SW volcano and the fresh appearance of the pumice suggest that 
this has been the site of Holocene volcanism [Barker et al., 2012 (Chapter 3), 2012b 
(Appendix H)]. 
 
6.3. Methods 
 
6.3.1. Textural Quantification 
 
The densities of suites of >100 pyroclasts in the 16-32 mm range were determined using 
the methods of Houghton and Wilson [1989] and converted to vesicularities using a dense 
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  rock equivalent (DRE) value of 2.4 g/cm3 [Barker et al., 2012 (Chapter 3)]. Polished, 
impregnated thin sections were made from 53 clasts, spanning the range of measured 
densities. Of these, 33 representative clasts were imaged for detailed textural analysis and 
7 clasts were further selected for quantitative vesicularity measurements (Figures 6.6, 6.7, 
6.8). Tube pumices and clasts with elongated vesicles are present (<5%) in all sample 
suites but were set-aside in this study due to the limitations of the stereological 
conversion technique used [Sahagian and Proussevitch, 1998; Shea et al., 2010a].  
 
 
 
 
 
Figure 6.6. Density/vesicularity histograms for 16-32 mm clasts from Healy volcano used in this study. 
The dotted red and dashed blue lines represent the average density of pumice from all Raoul volcano dry-
type eruptions and the Green Lake floated pumice respectively (see Barker et al. [2012 (Chapter 3)]). Grey 
zone marks 65-75% vesicularity corresponding to the ‘pivotal vesicularity’ range of Rotella et al. [2013a 
(Chapter 4)]. Pink numbers above the histogram represent the number of pink-oxidized clasts in the given 
density bins. Stars show where representative samples were chosen for textural analysis. White stars are 
clasts for which thin sections were made but backscattered images were not taken. Grey stars are clasts for 
which thin sections were made and backscattered electron images were taken but not quantified, red stars 
are samples which were quantified. Labels on stars give the sample number with the density (in g/cm3) in 
brackets. n = number of clasts measured for density. See Figure 6.2a for dredge locations and Barker et al. 
[2012 (Chapter 3)] for other details. 
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Figure 6.7. Density/vesicularity histograms for 16-32 mm clasts from Raoul SW volcano and the July 
2012 Havre floated pumice raft (see text for discussion). The dotted red and dashed blue lines represent 
the average density of pumice from all Raoul volcano dry-type eruptions and the Green Lake floated 
pumice respectively (see Barker et al. [2012 (Chapter 3)]). Grey zone marks 65-75% vesicularity 
corresponding to the ‘pivotal vesicularity’ range of Rotella et al. [2013a (Chapter 4)]. Pink numbers above 
the histogram represent the number of pink-oxidized clasts in the given density bins. Stars show where 
representative samples were chosen for textural analysis. White stars are clasts for which thin sections were 
made but backscattered images were not taken. Grey stars are clasts for which thin sections were made and 
backscattered electron images were taken but not quantified, red stars are samples which were quantified. 
Labels on stars give the sample number with the density (in g/cm3) in brackets. n = number of clasts 
measured for density. See Figure 6.2b for Raoul SW dredge location and Barker et al. [2012 (Chapter 3)] for 
other details. 
 
 
 
 Each thin section was imaged in transmitted light with a flatbed scanner at 3200 
dpi resolution to characterize the population of largest bubbles. A series of nested 
magnification backscattered electron (BSE) images were then taken on a JEOL JXA- 
8320 electron microprobe (Victoria University of Wellington) at 1280 x 960 pixel 
resolution until the smallest observable bubbles were >5 pixels in diameter, 
corresponding to an uncertainty in bubble size of <5% for one incorrect pixel [Shea et al., 
2010a]. Binary images were created using Adobe Photoshop, and bubble number 
volumes (Nv) then calculated using FOAMS [Shea et al., 2010a] using a bubble diameter 
cut-off size of 5 pixels. Vesicle volume fractions and bubble number density (BND) 
values were calculated following Sahagian and Proussevitch [1998]. BND values were 
corrected for vesicularity and phenocryst content (>30 µm crystals) to avoid 
underestimating the nucleation densities of highly expanded clasts [after Klug et al., 2002] 
and to allow direct comparisons between clasts of differing density. BND values in this 
study can be directly compared to other studies in which a 5-pixel (1 µm at 500x 
magnification) diameter bubble size cut-off was also used during analyses (Table 6.1).  
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Figure 6.8. Density/vesicularity histograms for 16-32 mm clasts 
from the Sandy Bay Tephra on Macauley Island used in this study. 
The dotted red and dashed blue lines represent the average density 
of pumice from all Raoul volcano dry-type eruptions and the Green 
Lake floated pumice respectively (see Barker et al. [2012 (Chapter 
3)]). Grey zone marks 65-75% vesicularity corresponding to the 
‘pivotal vesicularity’ range of Rotella et al. [2013a (Chapter 4)]. Stars 
show where representative samples were chosen for textural 
analysis. White stars are clasts for which thin sections were made 
but backscattered images were not taken. Grey stars are clasts for 
which thin sections were made and backscattered electron images 
were taken but not quantified. Labels on stars give the sample 
number with the density (in g/cm3) in brackets. n = number of 
clasts measured for density. See Figure 6.2c for Sandy Bay Tephra 
sample locations on Macauley Island and Barker et al. [2012 (Chapter 
3)] for other details. 
 
 The vesicularity quantification technique used involves imaging two to three 
regions of a thin section and extrapolating the bubble size data for the entire pyroclast 
(see Chapter 2). Thus, strong heterogeneities make it impossible to obtain representative 
images that can be confidently extrapolated to represent the clast as a whole or, more 
importantly, to represent pyroclasts of that particular density for that eruption. For this 
reason the highly heterogeneous Macauley Sandy Bay Tephra pyroclasts were excluded 
from further analysis in this thesis. 
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  Table 6.1. Vesicularity data for Healy, Raoul SW and Havre pumice pyroclasts. 
Sample density vesica BNDb BNDcorrc largest  exponential power law power  bubble 
 (g/cm3) (%) (cm-3) (cm-3) exponential R2 exponent law size at  
           bubbled      R2  50%e 
Healy          
D37_C617 0.22 91.0 1.73E+08 1.92E+09 0.074 0.993 -3.396 0.994 0.049 
D37_C1a 0.43 82.0 2.35E+08 1.31E+09 0.058 0.994 -3.616 0.991 0.048 
D37_C77 0.53 77.7 1.82E+08 8.17E+08 0.074 0.990 -3.644 0.995 0.037 
D37_C223 0.66 72.7 2.92E+08 1.07E+09 0.074 0.991 -3.393 0.997 0.037 
D46_C171 0.41 83.1 3.26E+08 1.93E+09 0.058 0.999 -3.158 0.996 0.041 
Raoul SW          
D22_C58 0.64 73.4 1.61E+08 6.04E+08 0.074 0.994 -3.605 0.987 0.039 
Havre          
HV_S3_C46b 0.71 70.6 1.10E+08 4.76E+08 0.093 0.995 -4.027 0.996 0.047 
a vesicularity calculated from density assuming dense rock equivalent of 2.4 g/cm3 
b uncorrected bubble number density using a 5-pixel cut off in FOAMS 
c bubble number density corrected for vesicle and phenocryst (>30 µm) content using a 5-pixel cut off in FOAMS 
d largest size bin containing bubbles of exponential distribution 
e bubble size at 50% cumulative volume fraction 
 
 The method for attaining 3D vesicle volume distributions by conversion from 
2D areas from thin sections has been widely applied to both natural and experimentally 
produced pyroclasts [e.g., Toramaru, 1990; Klug and Cashman, 1994; Simakin et al., 1999; 
Klug et al., 2002; Mourtada-Bonnefoi and Laporte, 2004; Gurioli et al., 2005; Houghton et al., 
2003, 2010; Shea et al., 2010a; Alfano et al., 2012]. In recent years, the method of attaining 
BSDs through 3D Computed Tomography (CT) scans has gained in popularity, which 
avoids the assumption of spherical bubbles (inherent in the 2D to 3D conversion 
method), and has proven effective for studies of crystals size distributions [e.g., Gualda 
and Rivers, 2006; Pamukcu and Gualda, 2010], permeability studies [e.g., Okumura et al., 
2008; Polacci et al., 2008; Degruyter et al., 2010a, 2010b] or bubble studies of basaltic scoria 
[Song et al., 2001; Polacci et al., 2006, 2009, 2012]. This technique, however, has still not 
proven reliable for high vesicularity silicic pumices [Giachetti et al., 2011] for which the 
bubble walls are thin (~1 µm) and require manual rectification if broken. In addition, in 
order to image at high enough resolution to image the smallest bubbles and thin bubble 
walls (~1 µm), a small sample size is required, which is non-representative given the large 
range in bubble sizes present in silicic pumice. Therefore, given the current limitations to 
3D tomography, the traditional 2D to 3D approach employed in this study provides the 
most robust estimate of BSDs for these samples. 
 
6.3.2. Major Element Probe Analyses 
 
As shown by geochemical studies of submarine dredged clasts from around Macauley 
volcano [Barker et al., 2012 (Chapter 3), 2012b (Appendix H); Rotella et al., 2013b (Chapter 
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  5)], samples from a single dredge site can have differing chemistries, indicating that they 
are likely from different eruptions or sources. The major element chemistry of the 
groundmass glass from each pyroclast thin section used for textural analyses was 
measured (when possible), therefore, in order to assess the uniformity of the clast 
population. Glass major element compositions were measured on a JEOL JXA 8230 
electron probe micro-analyser (EPMA) at Victoria University of Wellington using 
wavelength dispersive spectrometry (WDS) techniques (see Chapter 2). Calibrated 
international standards and secondary standards were analysed as unknowns throughout 
the analytical sessions to monitor instrumental drift and the precision and accuracy. 
Approximate 2 SD analytical precisions calculated from repeated analysis of standards 
are generally <5% for oxides that occur in concentrations >1 wt. % (Table 2.4).  
 
6.4. Results and Interpretation 
 
6.4.1. Pyroclast Vesicularities and Sample Selection 
 
The density/vesicularity spectra of pyroclasts obtained from Healy and Raoul SW 
volcanoes (Figures 6.6 and 6.7), the Sandy Bay Tephra from Macauley Island (Figure 6.8) 
and the Havre pumice raft (Figure 6.7) all show broadly similar distributions to those 
from subaerial eruptions at Raoul volcano [Barker et al., 2012 (Chapter 3)]. In addition, 
when summary clast density histograms are compared for each volcano (Figure 3.11 
from Barker et al. [2012 (Chapter 3)]) they show overall similar patterns. 
 At Healy, clasts from dredge D37, 2-3 km from the caldera rim on the NW 
volcano flank, were chosen for analyses across the range in vesicularity (Figure 6.2a). 
These clasts show similar density/vesicularity distributions to those from Raoul with a 
strong modal vesicularity near (although slightly higher than) the modal 82% 
vesicularities of Raoul samples, and a similar minor distribution tail of clasts to 60% 
vesicularity [cf. Barker et al., 2012 (Chapter 3)]. Thin sections were also made from several 
clasts from the SE dredges (Figure 6.6). These clasts include ones with similar physical 
appearance to those in D37 but also include clasts with lower vesicularities and a broad 
range in textures which may or not be attributable to an explosive source. The textures 
of one clast from the modal density peak of dredge D46 is also analysed for comparison.  
 Raoul SW volcano was sampled in two dredges (Figure 6.2b). Clasts from dredge 
D22 from the inner caldera rim follows similar density/vesicularity frequency patterns to 
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  Raoul volcano with a modal vesicularity of 82% and a minor mode at ~70% 
corresponding to the ‘pivotal vesicularity’ range of Rotella et al. [2013a (Chapter 4)] 
(Figure 6.7). Thin sections were made across the range in vesicularity and one clast near 
the ‘pivotal vesicularity range’ [Rotella et al., 2013a (Chapter 4)] was chosen for analysis. 
 The densities of a subset of Havre pumice raft samples are presented in Figure 
6.7. Due to the limited number of clasts (56), and potential sampling bias of those which 
remained afloat one month after the eruption, the density/vesicularity frequency 
histogram cannot be directly compared to those from dredged pyroclasts. Regardless, 
there appears to be a broad vesicularity mode within the pivotal vesicularity range [Rotella 
et al., 2013a (Chapter 4)] with clasts as high as 89% vesicularity. Thin sections were made 
across the range in vesicularity and one thin section within the pivotal vesicularity range 
was chosen for analysis (Figure 6.7).  
 Density/vesicularity histograms for clasts from the submarine erupted but 
subaerially emplaced (where sampled) Sandy Bay Tephra on Macauley Island show 
strong similarities to dry-type explosive eruptions from Raoul volcano. They contain a 
strong vesicularity mode at 82% but without the strong tail towards lower vesicularities 
shown by samples from Healy and Raoul SW (Figure 6.8). Thin sections were made from 
all four sample sites across the range in vesicularity present for qualitative comparisons, 
but due to strong textural heterogeneities within individual clasts none were chosen for 
further quantitative textural analysis. 
 
6.4.2. Qualitative Textural Results 
 
Despite their similar density spectra and textural appearance on a macroscopic scale 
[Barker et al., 2012 (Chapter 3)], deep submarine erupted pyroclasts have markedly 
different micro-textures to other subaerial (Raoul) or shallow explosive and non-
explosive submarine erupted (Macauley) pyroclasts examined in this study. Pumices from 
Healy, Raoul SW and Havre volcanoes show mostly homogeneous textures with low-
vesicularity clasts containing distinctive sub-round or ellipsoid bubbles in thick (~10-20 
µm) microlite-free groundmass glass (Figures 6.9, 6.10). With increasing vesicularity the 
bubbles become increasingly polygonal with thinning of bubble walls between adjoining 
bubbles but still some thick (up to ~10 µm) walls between others with little evidence for 
bubble coalescence (Figure 6.9). 
 
166
	   
 
 
Figure 6.9. Representative BSE images of Healy pyroclasts across the range of densities sampled (Figure 
6.6), adjusted using Adobe Photoshop so that vesicles are black, glass is white and crystals are grey. 
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Figure 6.10. Representative BSE images of Raoul SW and Havre pyroclasts (Figure 6.7) adjusted using 
Adobe Photoshop so that vesicles are black, glass is white and crystals are grey. 
 
 
 Deep submarine erupted pumices from Healy, Raoul SW and Havre have an 
average phenocryst content of typically <5% (rarely <15%), consisting dominantly of 
plagioclase with lesser amounts of clinopyroxene, orthopyroxene, amphibole and Fe-Ti 
oxides [Barker et al., 2013 (Appendix H)]. The phenocrysts tend to occur as single crystals 
and in clusters [Barker et al., 2013 (Appendix H)] with a jacket of coarser bubbles within 
which the crystals are suspended in a cradle of glass films (Figure 6.11, 6.12), herein 
termed ‘palisade’ texture (after van den Bogaard and Schmincke [1986]), similar to 
observations in both Raoul and Macauley pyroclasts (Appendix A). The phenocrysts are 
commonly broken in a manner in which they appear to have been pulled apart by tensile 
forces [Giachetti et al., 2010; Miwa and Geshi, 2012] or forced apart by rupturing of melt 
inclusions [Tait, 1992; Best and Christiansen, 1997; Kennedy et al., 2005; Matthews et al., 2012]. 
At its extreme, angular fragments of once single crystals occur lining the wall of large 
bubbles (Figure 6.12a-c). Crystal fragments are commonly bridged by thin films of glass, 
indicating that the crystal split while the magma was still liquid [Best and Christiansen, 1997; 
Kennedy et al., 2005; Giachetti et al., 2010; Matthews et al., 2012; Miwa and Geshi, 2012]. The 
bubbles in palisade clusters tend to be larger than the groundmass bubbles and range 
from having thinner bubble walls (Figure 6.12b,c,) to much thicker bubble walls (Figure 
6.12g,h) relative to those in the groundmass bubbles. 
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Figure 6.11. Representative BSE images of bubble/crystal textures present at Healy (a-f) and Raoul SW (g-
h) volcanoes. (a-e) Crystals split along the C-axis due to tensile stresses. Note the bridging glass films in (b-
e) indicating that the crystals split while the magma was still liquid. The large bubbles surrounding crystals 
in (a,c,e,g,h) are typical of palisade texture (see text for details). Note some crystals containing radiating 
stretched groundmass bubbles which grade into the groundmass bubble texture (d,f), whereas palisade 
clusters sometimes deform groundmass bubbles (arrows in b,e). Images (a,b,c,d) are from D46_C171, 
image (e) is from D37_C1a, image (f) is from D37_C617, image (g) is from D22_C32 and image (h) is 
from D22_C58. 
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Figure 6.12. Photographs of palisade texture in Sandy Bay Tephra pumice from Macauley Island. (a) whole 
clast and, (b) close up of boxed region in (a). Scale is in millimetres. 
 
 
 Some pyroclasts also contain phenocrysts coated in microlite rich mafic material 
(Figure 6.13b) or weakly vesiculated basaltic clots around which bubbles form a stretched 
radiating pattern in the surrounding dacite glass (Figure 6.13a). Dredged pumice clasts 
commonly also contain pockets of ingested mud, volcanic ash and foraminifera tests 
(particularly in Healy and Raoul SW pyroclasts), typically located intermingled with the 
groundmass glass or lining large bubbles (Figure 6.13c-e) and/or as pockets within the 
interiors of large clasts (Figure 6.13f). Up to 5% of Healy and Raoul SW clasts show light 
pink oxidation colouration, suggesting that hot clasts (~800°C [Tait et al., 1998]) met the 
atmosphere despite 0.5 to >1 km of overlying water column [Barker et al., 2012 (Chapter 
3)]. The macroscopic bubble textures in these pink clasts are not significantly different to 
those from non-pink clasts (Figure 6.9, Appendix A) but are markedly different from 
Sandy Bay Tephra clasts (Figure 6.14).  
 Pumices from the shallow-water erupted (~200-300 m), but subaerially emplaced, 
Sandy Bay Tephra at Macauley have markedly different textures to those of pyroclasts at 
Healy, Raoul SW and Havre volcanoes (Figure 6.14) and those of the Tangaroan 
eruption style at Macauley [Rotella et al., 2013b (Chapter 5); Appendix F]. Bubble textures 
in Sandy Bay pumices are dominantly highly heterogeneous, both within and between 
pyroclasts (Figure 6.14). Many clasts show an overall groundmass bubble texture similar 
to that in subaerial-erupted Raoul pyroclasts but containing pockets of extensive small 
(<~10 µm) bubbles (Figure 6.14a). In addition, one clast displays highly contorted 
bubble shapes, with a range in bubble wall thicknesses (Figure 6.14b). One clast sampled 
displays textures indicative of the Tangaroan eruption style, but has a major element glass 
composition identical to Sandy Bay Tephra chemistry and different from any Tangaroan 
pyroclasts [Rotella et al., 2013b (Chapter 5); Appendix E)]. 
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Figure 6.13. Representative BSE images of basaltic blebs and basalt coated crystals (a,b) and ingested mud, 
volcanic ash and forams within large bubbles inside pumice clasts (c-f) (see text for details). The volcanic 
glass shards in (c) contain different compositions with some basaltic shards (see Appendix E). Note the 
volcanic glass, ash and mud coating large bubbles in (d) shown with arrows. Scale in (f) is in centimetres. 
See Barker et al. [2013 (Appendix H)] for geochemical analyses and interpretation of basaltic blebs and 
basalt-coated crystals. Image (a) is from D37_C617, image (b) is from D44_C118, image (c) is from 
D37_C223, image (d) is from D46_C171 and image (e) is from D44_C111. Note that the bubble textures 
for samples D44_C118 and D44_C111 were not analysed for this study. See Appendix A for archives of 
backscattered images taken in this study. 
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Figure 6.14. Representative BSE images of Sandy Bay Tephra pyroclasts showing the range in vesicularity 
textures present within single clasts and between individual clasts. White boxes show where the next 
highest magnification image was taken. Clast (a) displays zones of highly varying bubble sizes ranging from 
large bubbles with thin bubble walls (Region A) to numerous small bubbles with thicker bubble walls 
(Region C), which would give vastly different BND values. Clast (b) shows highly convoluted, non-
spherical bubble shapes for which BND values cannot be confidently quantified using the techniques used 
in this thesis. Clast (c) shows a strong gradient in bubble sizes and shapes from small, elongated bubbles in 
the low-vesicularity Region A grading to large circular bubbles in the high vesicularity Region E, which 
would give vastly different BND values similar to Tangaroan clast texture [Rotella et al., 2013b (Chapter 5)]. 
See Appendix A for all backscattered images taken and Appendix E for major element glass analyses. 
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  6.4.3. Quantitative Textural Results 
 
The qualitative textural differences seen between the deep submarine erupted pumices 
and their subaerially erupted counterparts described above are also reflected in their BSD 
and BND data. In general, BSDs for deep submarine erupted pyroclasts have fewer small 
bubbles (<20 µm) and fewer large bubbles (>100 µm), resulting in a well defined size 
mode at ~30 µm for all pyroclasts spanning the ~85% vesicularity mode (Figure 6.15).  
 
Figure 6.15. BSDs, corrected for phenocryst and vesicle areas, for deep submarine erupted pyroclasts 
(black and grey lines) across the range in density compared to subaerial erupted Raoul pyroclasts. Blue 
shading in (a) and (b) denotes all dry-erupted clasts from Raoul volcano spanning the 82% vesicularity 
mode. Coloured lines in (a) denote stalled and degassed Rangitahua (RA) pumice cone pyroclasts and in (b) 
denote sub-lacustrine erupted Green Lake floated pumice (GLFP) dome carapace fragments from Raoul 
[Rotella et al., 2013a (Chapter 4)]. Grey shading in (c) denotes plinian fall deposit pyroclasts from the 
Oneraki eruption of Raoul spanning the 82% vesicularity mode. Volume fraction is plotted on a log scale 
(left panel) to show small bubble size variations, and on a linear scale (right panel) to show large bubble 
size variations and to emphasize the bubble size modes. Dotted line marks 30 µm, the typical Raoul modal 
bubble size. 
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  Deep submarine erupted pyroclasts are more similar in their BSD patterns to pumices 
from the cone-forming Rangitahua eruption, and the sub-lacustrine erupted Green Lake 
floated pumice dome carapace fragments from Raoul volcano (Figure 6.15b) than to 
pumices from large explosive eruptions (Figure 6.15c) [cf. Rotella et al., 2013a (Chapter 
4)]. The deep submarine erupted pumices, however, lack evidence for stalling and 
degassing; instead they contain round bubbles with microlite-free glass (cf. Figure 4.5 
from Rotella et al. [2013a (Chapter 4)]). Cumulative volume distributions show steeper 
slopes for deep submarine erupted pyroclasts, compared to subaerially erupted Raoul 
pyroclasts, reflecting the smaller range in bubble sizes (Figure 6.16). In addition, the 
median bubble size for deep submarine erupted pyroclasts occurs over a narrower size 
range (~40-50 µm) and is typically larger than those for Raoul pyroclasts (~20-60 µm). 
Deep submarine erupted pyroclast BSDs also differ greatly to those of 
Tangaroan non-explosively erupted pumice fragments dredged from the seafloor around 
Macauley volcano (Figure 6.17). The latter show strong gradients in vesicularity from 
~60 to 90% over distances as short as 2-3 cm [Rotella et al., 2013b (Chapter 5)]. 
Tangaroan pyroclasts also show a range in vesicularity corrected BSDs across the 
gradient in texture which are indicative of complex growth histories. Deep submarine 
erupted pyroclasts, however, show little variation in BSDs for clasts of a comparable 
range in vesicularity (~70-90%) (Figure 6.17).  
 
 
Figure 6.16. Volume distributions for representative clasts (vesicularity % stated) plotted as cumulative 
volume < vesicle diameter L. Steeper curves are indicative of smaller ranges in bubble sizes. The 
intersection of the curves with the line at 0.5 denotes the volume-based median vesicle size. Grey field 
represents modal vesicularity clasts from the dry-type eruptions of Raoul (see Rotella et al. [2013a (Chapter 
4)] for further details). Note the scarcity of <10 µm bubbles and steeper slopes for Healy, Raoul SW and 
Havre deep submarine erupted pyroclasts. 
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Figure 6.17. BSDs corrected for phenocryst and vesicle areas for deep submarine erupted pyroclasts 
(black and grey lines marked D37 or D46) across the range in density compared to Tangaroan non-
explosively erupted pumice pyroclasts dredged from around Macauley. Blue shading denotes all dry-
erupted clasts from Raoul spanning the 82% vesicularity mode [Rotella et al., 2013a (Chapter 4)]. Coloured 
lines denote the regions across gradient in one 16-32 mm Tangaroan pyroclast from rim to core (see Rotella 
et al. [2013b (Chapter 5)] for further details). Volume fraction is plotted on a log scale (left panel) to show 
small bubble size variations, and on a linear scale (right panel) to show large bubble size variation and to 
emphasize the vesicle size modes. Dotted line marks 30 µm as a reference, the typical Raoul modal bubble 
size. 
 
 
 
 The range in BND values for deep submarine erupted pyroclasts in this study are 
markedly different to those for subaerial erupted Raoul pyroclasts of similar vesicularity 
(Figure 6.18). Raoul pyroclasts show BND values that are strongly linked to clast 
vesicularity, with clasts that quenched closest to the moment of fragmentation preserving 
the highest BND values and clasts with higher vesicularities containing lower BND 
values, reflecting post-fragmentation expansion and coalescence [Rotella et al., 2013a 
(Chapter 4)]. Deep submarine erupted pyroclasts, however, have much lower BND 
values and do not show strong variations in BND with clast vesicularity. In addition, 
their BND values appear to increase slightly with increasing vesicularity, instead of 
decreasing sharply as in the Raoul pyroclasts (Figure 6.18). BND values for deep 
submarine erupted pyroclasts also differ to those for Tangaroan-type pyroclasts which 
show a mildly decreasing trend in BND with increasing vesicularity for four regions 
across the vesicularity gradient within a single pyroclast, i.e. from rim to core [Rotella et 
al., 2013b (Chapter 5)].  
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Figure 6.18. Phenocryst- and vesicularity-corrected bubble number density versus density/vesicularity for 
deep submarine erupted pyroclasts. Grey shaded region marks 65-75% vesicularity and depicts the critical 
vesicularity range in which fragmentation of pyroclasts occurs [Rotella et al., 2013a (Chapter 4)]. Dashed 
black line at 0.42 g/cm3 marks the modal density of dry erupted Raoul pyroclasts. Grey solid field depicts 
data for dry-erupted and non-degassed Raoul pyroclasts from Rotella et al. [2013a (Chapter 4)]. Arrow 
within grey field denotes post-fragmentation bubble growth and coalescence (see Rotella et al. [2013a 
(Chapter 4)]). Data for the Tangaroan eruption style clast from Macauley volcano is from Rotella et al. 
[2013b (Chapter 5)] and is for four regions along gradient of a single 16-32 mm clast (see Rotella et al. 
[2013b (Chapter 5)] for further details). Inset graph depicts vesiculation trends via nucleation (N), growth 
(G), coalescence (C) and vesicle loss (L), modified from Herd and Pinkerton [1997]. If no error bars are 
shown then uncertainties are less than the size of the symbol. Arrows in data inset depict trends in the 
BND data. Uncertainties in density measurements (and hence vesicularity corrected BND values) are from 
Barker et al. [2012 (Chapter 3)], Appendix D. 
 
 
6.4.4. Glass Compositions 
 
The groundmass glasses for Healy, Raoul SW, Havre and Sandy Bay Tephra thin sections 
are rhyodacite to rhyolite in composition and cluster into geochemical groups for each 
volcano (Figure 6.19; Table 6.2) consistent with the whole rock chemistry finding of
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Figure 6.19. Major element compositions of glass analysed in pyroclasts from Healy, Raoul SW and Havre 
volcanoes. Blue and orange shaded fields are compositional fields from Barker et al. [2013 (Appendix H)] 
for Healy and Raoul SW, respectively. Grey shaded field is the compositional field of Sandy Bay Tephra 
glass from Barker et al. [2013 (Appendix H)] and Rotella et al. [2013b (Chapter 5)]. Data have been 
normalised to 100% on a volatile free basis. Low- and medium-K discriminant boundary (from Gill [1981]) 
is marked by a dashed line on K2O vs. SiO2; compositional boundaries on total alkali (Na2O+K2O) vs. 
SiO2 (TAS) diagram are from Le Maitre [1989]. Symbols are grouped by dredge number (see key), differing 
colours indicate different clasts from the same dredge. See Appendix E for raw glass data. 2 SDs are 
calculated from repeated analysis of glass standards VG-568 and VG-A99 (see Chapter 2 for details). 
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  Barker et al. [2012 (Chapter 3), 2013 (Appendix H)]. The homogeneity shown by multiple 
clasts sampled at different dredge sites at Healy and Raoul SW, and from Macauley 
Island rules out the possibility of contrasting magma sources contributing to the 
pyroclast population, as seen for pyroclasts dredged around Macauley caldera [Barker et 
al., 2012 (Chapter 3); Rotella et al., 2013b (Chapter 5)]. Consistent with other geochemical 
studies of the Kermadec arc [e.g., Gamble et al., 1993, 1995, 1996; Smith et al., 2003a, 
2003b; Wright et al., 2006; Barker et al., 2012 (Chapter 3), 2013 (Appendix H)] the 
chemistry of the pyroclasts are unique for their position along the arc. The distinctive 
low-K chemistry of the northern volcanoes (Raoul and Raoul SW) further rules out 
sampling of foreign-sourced pyroclasts in dredge hauls from Macauley and Healy. 
 
6.5. Discussion 
 
Pyroclasts from deep submarine erupted deposits at Healy, Raoul SW and Havre have 
significantly different microtextural appearances as well as different BSD patterns and 
BND values to explosive subaerial pyroclasts (e.g., Raoul [Rotella et al., 2013a (Chapter 
4)], Mt Mazama [Klug et al., 2002], Mt St Helens [Klug and Cashman, 1994]) and shallow 
erupted submarine pyroclasts (Tangaroan [Rotella et al., 2013b (Chapter 5)] and Sandy Bay 
Tephra from Macauley Island). The data presented here imply that the dynamics of deep 
submarine explosive silicic eruptions differ in some key way(s) from those of subaerial 
and shallow-water eruptions. Below, we consider what might cause these differences and 
propose a conceptual eruption model. 
 
6.5.1. Deep Submarine Explosive Silicic Eruptions: What’s Different? 
 
Without the ability to witness deep submarine explosive silicic eruptions, we must make 
generalised inferences as to what eruption variables are affected by the presence of a 
deep overlying water column. Few theoretical models exist for submarine pumice 
eruptions [e.g., Kano et al., 1996; Downey and Lentz, 2006; Woods, 2010] compared with the 
wealth of observational data and resulting models for subaerial pumice eruptions [Sparks, 
1986; Wilson et al., 1980; Woods, 1988, 1995, 2010; Mastin, 2002; Mangan et al., 2004a, 
2004b; Ogden, 2011; Saffaraval et al., 2012]. For example, model source parameters (such as 
eruption column height and grain size) have been generalised for ten styles of subaerial 
eruption, but none currently exist for eruptions occurring in >50 m water depth [Mastin 
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  et al., 2009]. Recently, gum rosin-acetone analogue experiments have implied that given 
sufficient volatile content (4-6 wt.% H2O) and rapid decompression and volatile 
exsolution, subaqueously erupted magma can explosively fragment in water depths 
corresponding to pressures greater than the critical point of seawater (~3000 mbsl) [Stix 
and Philips, 2012]. The role of water (vs. air) in submarine eruptions, as reviewed by White 
et al. [2003], is recognised to largely affect steam generation, pressure, heat capacity and 
rheology of the eruption dynamics (see Chapter 1 for a review), yet direct relation to 
eruption dynamics are not made. What is apparent, however, is that water, compared to 
air, is a denser, more viscous and effectively incompressible fluid and therefore the 
pressures (static and dynamic) exerted on the eruption jet and plume are significantly 
higher in deep submarine eruptions than for subaerial eruptions, as long as the erupting 
mixture of gas, liquid and pyroclasts does not puncture the surface of the ocean and 
temporarily revert to atmospheric pressure. This, in turn, means the pyroclasts are likely 
to experience less pressure differential between the stages of fragmentation and eventual 
quenching (i.e., cooling of the clast below the glass transition temperature), mostly due to 
the static pressure. In addition, the higher viscosity and differing thermal properties of 
water (e.g., higher heat capacity), compared to air, inhibit entrainment and heating by the 
eruption column, potentially suppressing buoyant expansion (and associated pressure 
decrease) compared to subaerial plumes [e.g., Wilson et al. 1978; Sparks, 1986; Woods, 
1988]. Using Healy as a case study, the following section examines how these effects are 
expressed in the pyroclast textural data. 
 
6.5.2. Using Bubble Size Distributions to Interpret Vesiculation Processes in Deep 
Submarine Eruptions 
 
Theoretical models and textural studies of subaerial erupted pyroclasts show a critical 
vesicularity range of 65-75%, beyond which further vesiculation is considered to be 
restricted by mutual interference of bubbles, and the magma would tend to fragment 
[Sparks, 1978; Gardner et al., 1996; Rust and Cashman, 2011; Rotella et al., 2013a (Chapter 4)]. 
This is shown in pyroclast density/vesicularity distributions from Raoul volcano [Rotella 
et al., 2013a (Chapter 4)], where there is a dearth of pyroclasts within this vesicularity 
range, with pyroclast vesicularity modes instead being ~82%, owing to post-
fragmentation expansion (Figure 4.2). In addition, Rotella et al. [2013a (Chapter 4)] show 
that BND values are greatest for clasts within the critical vesicularity range and decrease 
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  with increasing vesicularity, which is interpreted to reflect bubble coalescence and 
growth after fragmentation but before quenching, as postulated to occur by Thomas et al. 
[1994] and Gardner et al. [1996] (Figure 6.18). The data presented here shows that deep 
submarine erupted pyroclasts have similar density/vesicularity distributions to subaerial 
erupted pyroclasts, with a dearth in pyroclasts with vesicularities in the critical vesicularity 
range of ~65-75% (Figures 6.6, 6.7), but do not mirror the high BND values within the 
critical vesicularity range (Table 6.1, Figure 6.18).  
 Bubble nucleation rates (and hence BND values) have been numerically 
proposed and experimentally demonstrated to increase with decompression rates in 
silicic magmas [Toramaru, 1990, 1995, 2006; Hurwitz and Navon, 1994; Mangan and Sisson, 
2000; Mangan et al., 2004a; Mourtada-Bonnefoi and Laporte, 2004; Massol and Koyaguchi, 2005; 
Hamada et al., 2010; Cichy et al., 2011; Gardner and Ketcham, 2011]. A correlation between 
BND values and eruption vigour is shown by subaerially erupted clasts from Raoul 
[Rotella et al., 2013a (Chapter 4)], but until now has not been searched for in the marine 
realm. We postulate that although deep submarine erupted pyroclasts still fragment 
within the critical vesicularity range (indicated by a similar dearth in pyroclasts at ~65-
75% vesicularity), they would experience less decompression as they enter the higher-
pressure environment of deep water vs. atmosphere. This higher-pressure environment 
would inhibit ‘run-away’ bubble nucleation and would instead favour extended periods of 
bubble growth and nucleation prior to any interaction with water.  
 Evidence of a post-fragmentation bubble growth and nucleation dominated 
regime can be seen in an increasing trend of BND with vesicularity (Figure 6.18) [Herd 
and Pinkerton, 1997] and also in the mathematical form that the bubble size distributions 
take [Blower et al., 2002; Gaonac’h et al., 1996a, 1996b, 2003]. Exponential bubble-size 
distributions are widely interpreted to reflect bubble nucleation and viscosity-limited 
diffusional bubble growth [e.g., Toramaru, 1995; Navon et al., 1998; Liu and Zhang, 2000], 
whereas power law distributions are considered to represent bubble coalescence [e.g., 
Gaonac’h et al., 1996a, 1996b, 2003; Lovejoy et al., 2004] or extended intervals of continued 
nucleation [Blower et al., 2002]. Healy pyroclasts yield bubble size patterns that closely 
approximate exponential distributions for bubbles up to ~80 µm, with an overlap in the 
fit of the two models for bubbles between ~20 and ~80 µm, and bubbles >~80 µm 
fitting power law distributions (Figure 6.20, Table 6.1). This is in contrast to the bubble 
populations from Raoul subaerially erupted pyroclasts which fit exponential distributions 
for sizes up to ~20 µm for pyroclasts near the fragmentation threshold and ~50 µm for  
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Figure 6.20. Variation in BND values for representative low and high-vesicularity clasts from Raoul 
[Rotella et al., 2013a (Chapter 4)] and Healy volcano where the total number of bubbles larger than a given 
size (Nv>L) is shown as a function of bubble size (L). Bubble number volumes (Nv) are corrected for clast 
vesicularity and phenocryst content. Small bubbles follow an exponential distribution, corresponding 
bubble nucleation and diffusional growth, and larger bubbles follow a power law distribution, dominated 
by bubble coalescence. For Raoul pyroclasts, transitions from exponential to power law distributions occur 
at ~20 µm (arrow) for low-vesicularity dry-erupted clasts and over a range of sizes (up to 50 µm) for high-
vesicularity clasts (dark grey zone). The transition between exponential and power law distributions for 
Healy volcano, however, occurs over a range in bubble sizes from between ~ 20 and 80 µm (light grey 
zone), due to clast expansion which allows small bubbles to further grow by expansion and not necessarily 
diffusion (see text for discussion) Data for Raoul pyroclasts is from Rotella et al. [2013a (Chapter 4)]. Healy 
pyroclasts data is for D37_C223 (low-vesicularity) and D37_C617 (high-vesicularity). 
 
 
pyroclasts with higher vesicularity [Rotella et al., 2013a (Chapter 4)]. In general, the 
smallest bubbles are thought to represent the last few nucleation events in a continuously 
nucleating system and the larger bubbles reflect the earliest formed bubbles that have 
undergone varying histories of growth and coalescence, as seen in the experiments of 
Namiki et al. [2003] and modelled by Massol and Koyaguchi [2005]. The extension of the 
exponential law distribution for bubbles from 20 µm to >80 µm (Figure 6.20), therefore, 
implies an increased growth and nucleation regime for deep submarine erupted 
pyroclasts compared to their subaerial counterparts. The shape of the exponential and 
power law curves further supports this interpretation. For subaerially erupted Raoul 
pyroclasts, the low- and high-vesicularity curves cross at ~7 µm, showing an increase in 
large bubble sizes at the expense of small bubbles, indicative of coalescence (Figure 
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  6.20). The Healy pyroclast curves, however, do not cross but instead appear to shift to 
larger bubble size values, indicative of a regime dominated by growth (Figure 6.20). 
 Further evidence of a bubble growth and nucleation dominated regime for deep 
submarine erupted pyroclasts can be seen in non-vesicularity corrected BSD plots 
(Figure 6.21), which allows insight into bubble size evolution with increasing clast 
vesicularity. This assumes that pyroclasts of increasing vesicularity preserve a record of 
how the post-fragmentation bubble size distribution evolves. For Healy pyroclasts, with 
increasing vesicularity the smallest (1 to ~20 µm) and largest (>200 µm) bubbles do not 
increase significantly in population, yet the proportion of bubbles from ~20 to ~200 µm 
increase substantially, with the lowest vesicularity clast showing dramatic increases 
(Figure 6.21). This is attributed to growth of the dominant size range bubbles (20-60 µm) 
to create the strong unimodal bubble size distribution that are only slightly shifted to 
large sizes for increasing vesicularity clasts (Figure 6.21). Clasts for which bubble growth 
was dominated by coalescence, however, show a strong shift to larger sizes as larger 
bubbles are created at the expense of smaller bubbles (Figure 6.21). This is evident for 
bubbles grading from the rim to the core of Tangaroan pyroclasts (Figure 6.21a) and also 
for increasing vesicularity Raoul pyroclasts (Figure 6.21b).  
 
 
 
 
 
Figure 6.21. BSDs corrected for phenocryst areas (but not vesicularity) for Healy pyroclasts across the 
range in density compared to (a) a Tangaroan eruption style pyroclast from Macauley [Rotella et al., 2013a 
(Chapter 4)] and (b) dry-erupted pyroclasts from the Fleetwood (FW) and Oneraki deposits (ON) of Raoul 
[Rotella et al., 2013a (Chapter 4)]. Bubble growth in the increasing vesicularity Healy clasts is evident in the 
increase in bubbles in the dominant size range of ~20-60 µm with a small shift to larger bubble sizes. 
Bubble coalescence for the Tangaroan clast (a) and for the increasing vesicularity Raoul clasts (b) is evident 
in the strong shift of BSDs to larger sizes with a net loss of small bubbles and gain in large bubbles. Grey 
shading highlights Healy pyroclasts. ρ = density (g/cm3). 
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  6.5.3. Vesiculation and Fragmentation Dynamics for Deep Submarine Explosive Silicic 
Eruptions 
 
Given the distinct vesicularity textures of the deep submarine erupted pumices, we 
consider the possible effects an overlying water column would have on the vesiculation 
and fragmentation dynamics using Healy volcano as a type example. Due to the 
complexities involved in modeling eruption processes in an environment with poorly 
constrained variables, such as for the deep submarine environment (see section 1.3.2), we 
adopt a first order approach model to put basic quantitative limits to processes which 
may be occurring. Below we consider which variables may be playing an important role 
in the submarine environment, and how they may be affected by a large column of water. 
  
6.5.3.1. Pre-Eruptive Magma Conditions 
 
Previous studies of Healy volcano allow several important conditions to be estimated. 
Using the amphibole thermobarometry pressure calculations of Ridolfi et al. [2010], Barker 
et al. [2013 (Appendix H)] estimated the Healy magma chamber to be at a pressure of 100 
– 150 MPa prior to eruption, equivalent to 3.5 – 5.3 km depth within the oceanic crust 
(assuming no overlying water column and crustal density of 2.89 g/cm3). In addition, 
Wright et al. [2003] give a range of reconstructed pre-eruptive caldera edifice depths of 
1000 - 550 mbsl. Using these edifice reconstruction depths, the pressure of the overlying 
water column would equate to an additional 5.6 – 10.2 MPa pressure (assuming density 
of seawater is 1.035 g/cm3), or an additional 200 – 360 m of overlying oceanic crust, 
which is notably only a small pressure compared to that of the magma chamber, and 
much less than the variation in pressures given by amphibole barometry. For the 
purposes of our calculations we adopt the conservative pre-eruptive edifice 
reconstruction depth of 1000 m [Wright et al., 2003] and intermediate magma chamber 
pressure of 125 MPa [Barker et al., 2013 (Appendix H)]. This places the magma chamber 
at ~4 km depth below the seafloor (Figure 6.22).  
 
6.5.3.2. Bubble Nucleation and Fragmentation 
 
The change in pressure (∆P) of volatile-rich magma has been numerically and 
experimentally found to largely drive bubble nucleation [e.g., Sparks, 1978; Toramaru,  
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  2006; Stix and Phillips, 2012]. Explosive bubble nucleation occurs when supersaturation is 
sufficient for large nucleation rates, defined by Hurwitz and Navon [1994] to occur at 
supersaturation pressures of 10 to >70 MPa depending on the sites available for 
heterogeneous nucleation. The more gas-rich the magma, the shallower in the conduit 
bubbles can continue to nucleate if large supersaturations are present. With the extra 
pressure (~10.2 MPa) created by an overlying water column, we consider that the level at 
which bubble nucleation and fragmentation occurs could be shifted to shallower depths 
relative to the vent (by ~360 m) in comparison to if that same eruption had it occurred 
in a subaerial environment. In addition, the magma would experience a less substantial 
pressure drop on fragmentation, due to the pressure of the overlying water, and 
therefore undergo less vigorous nucleation just prior to fragmentation. 
 
6.5.3.3. The Gas Thrust Region 
 
In the subaerial environment, magmas with 4-6 wt% H2O are predicted to fragment at 
the critical vesicularity range of 65-75% [e.g., Sparks, 1978; Klug and Cashman, 1994; Rotella 
et al., 2013a (Chapter 4)].  Assuming the same eruptive conditions as the May 1980 Mt St 
Helens dacite eruption, with a fragmentation level 520 m below the subaerial vent (or 
13.8 MPa at 2700 g/cm3: Klug and Cashman [1994]), the Healy fragmentation zone would 
be ~130 m below the submarine vent upon eruption (Figure 6.22a). Subaerial silicic 
explosive eruptions have peak eruption intensities that range from 1.6 x 106 – 1.1 x 109 
kg/s, with most around 107 – 108 kg/s [e.g., Carey and Sigurdsson, 1989] and the basal 
thrust region (or jet) is powered by its initial momentum with negligible buoyancy effects 
[Sparks, 1986]. For dry-type subaerial eruptions, jet heights can reach from 0.5 to 4 km 
above the vent, but this figure is largely dependant on temperature, gas content, velocity 
and vent radius [Woods, 1988]. The rising jet decelerates as the initial kinetic energy is 
expended, and the bulk density of the mixture decreases from entrainment and heating 
of the surrounding air. It is unknown, however, to what depth the gas thrust region can 
penetrate in the submarine environment, but it is predicted to decelerate rapidly 
compared to its subaerial counterparts due to the higher confining pressure, decreased 
momentum/inertia through ingestion of a higher density medium, and rapid cooling by 
water [e.g., Cashman and Fiske, 1991; Koyaguchi and Woods, 1996]. Some studies have 
postulated the gas thrust region to reach 200-400 m (e.g., the Yali and Filakopi Pumice 
Breccias: Kano et al. [1996]) but in general this has not been quantified. 
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  6.5.3.4. The Convective Plume (or Lack Thereof) 
 
In subaerial eruptions, the convective plume region occurs when the initial kinetic energy 
of the gas thrust region is expended and the upward buoyancy due to entrainment and 
heating of the ambient atmosphere takes over [Woods, 1988]. In the submarine 
environment, however, the strong confining dynamic pressure, higher density and 
dynamic viscosity, and efficient cooling capability of the ambient seawater would 
condense the gases in the plume and act to prevent the formation of a buoyant gas + 
particle plume as it would in atmosphere. Instead, the ‘plume’ is envisaged to occur as a 
(potentially) warm water + pyroclast mixture that may or may not rise buoyantly to the 
sea surface. The dynamics of the submarine ‘plume’ would be divorced from the jet 
region and are not envisaged to affect the jet. Since the hot steam-filled pyroclasts would 
cool rapidly within the plume, the condensing magmatic steam-filled bubbles would 
create a vacuum in which seawater would be sucked in, possibly evidenced in the 
abundance of benthic and planktonic forams, volcanic ash and mud that is present in the 
interior of pyroclasts from Healy (Figure 6.13c-f). 
 
6.5.3.5. Submarine Eruption Dynamics 
 
The initial phases of the eruption, in which a lot of energy is released by exsolving 
volatiles, would see the volcanic jet penetrate into the overlying water column (Figure 
6.22a) with little regard for the higher pressure submarine environment compared to that 
of atmosphere. Bubble nucleation and fragmentation would occur within the conduit as 
it would for subaerial environments. The strong confining pressure acting on the jet (not 
allowing it to actively expand) would affect the pyroclasts within the eruption jet, 
hindering their ability to expand significantly and therefore their bubbles to coalesce, 
instead promoting a short-lived regime of bubble growth (increasing vesicularity) and 
continued nucleation. This regime would drive a trend of increasing BND values with 
increasing clast vesicularity, contrary to what occurs in subaerially erupted pumices 
(Figure 6.18) [Rotella et al., 2013a (Chapter 4)].   
 With increasing jet vigour (i.e., increasing height in the water column and hence a 
reduction in the overlying pressure) the fragmentation zone may propagate deeper into 
the conduit (Figure 6.22b). This may cause gas-rich supersaturated magma to rapidly 
decompress and fragment, and potentially cause the adhering pre-existing bubbles on 
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  crystals to rapidly expand and pull apart the crystals (Figures 6.11a-c). Assuming the 
conservative edifice reconstructions of Wright et al. [2003] at 1000 mbsl, the penetration 
of a 500 m high jet would reduce the acting pressure of an overlying water column by 5.1 
MPa, causing the nucleation and fragmentation zone within the conduit to deepen by 
180 m within the conduit. Possibly, due to the density and high heat capacity per unit 
volume of seawater, and its high inertia (exerting a dynamic pressure) acting to decelerate 
of the jet, the jet may episodically condense and collapse, generating a force that acts 
back down into the conduit, causing the fragmentation surface to rise again (Figure 
6.22c). These processes are likely to happen cyclically within a sustained explosive 
eruption event, similar to the pulses witnessed during the submarine basaltic eruption of 
NW Rota-1 volcano, Mariana arc, [Deardorff et al., 2011] albeit on a much larger scale for 
silicic eruptions. 
  
6.5.4. What Happens if/when the Jet Breaches the Sea Surface? 
 
At vent depths of 1000 mbsl, as for the estimated edifice reconstruction at Healy [Wright 
et al., 2003], the jet would perceivably be mostly contained within the overlying water 
column, but might periodically breach the sea surface. The presence of pink oxidised 
pyroclasts making up ~<5% of the Healy (and Raoul SW) pyroclast population has been 
used by Barker et al. [2012 (Chapter 3)] to infer that the eruption plumes punctured the 
sea surface at some point and met air while still hot [~800 ºC, cf. Tait et al., 1998]. Since 
the texture of these pyroclasts do not appear significantly different to non-pink Healy 
and Raoul SW pyroclasts with similar BND values and BSDs (see Healy sample 
D46_C171, Table 6.1, Figures 6.9, 6.15-6.18, and 6.21), we assume that the clast texture 
was quenched-in before the jet breached the water-atmosphere interface. However, as 
shown in this study, the gradual build-up of the submarine jet, and lowering of the 
fragmentation level, may provide the right conditions to penetrate the water column, 
albeit periodically. 
 If the eruption jet breaches the sea surface while the pyroclasts are still above the 
glass transition temperature, such as would be the case for powerful eruptions in shallow 
water like the Sandy Bay eruption in 200-300 m water, then an additional sudden 
decrease in pressure is experienced and an additional nucleation event may occur. The 
Sandy Bay eruption is interpreted to have interacted extensively with water, given by the 
evidence for cool emplacement on Macauley Island such as no oxidation colouration, ash 
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  coatings on pyroclasts, the vesicular ashy matrix, and textural (including bedding) 
comparisons with the Minoan deposits [Barker et al., 2012 (Chapter 3)]. Sandy Bay 
Tephra pyroclasts have vastly different textures to the deep submarine erupted pyroclasts 
from Healy, Raoul SW and Havre volcanoes. Sandy Bay Tephra pyroclasts often have 
strong textural heterogeneities and textures tend to differ widely between pyroclasts 
(Figure 6.14). The groundmass vesicularity has similar appearance to Raoul subaerially 
erupted pyroclasts (thinned and contorted bubble walls with high degrees of coalescence) 
but often comprise pockets of numerous small bubbles (1-10  µm) within the interstitial 
groundmass vesicularity (Figure 6.14a). We attribute the pockets of numerous small 
bubbles to a late-stage nucleation event that may have occurred when the submarine 
eruption jet breached the sea surface and transitioned to a subaerial eruption plume with 
an associated sudden drop in pressure. In such a case, shallow highly explosive eruptions 
may form a hybrid eruption regime between that of deep submarine and subaerial 
volcanism. 
 
6.6. Conclusions 
 
The vesicularity textures of deep submarine erupted pyroclasts show that the presence of 
a large overlying water column plays an important role in bubble nucleation and growth 
dynamics, which is preserved in the vesicularity textures of the pyroclasts. Deep 
submarine erupted pyroclasts have distinctive vesicularity textures compared to 
subaerially erupted pyroclasts from the same setting, with fewer small bubbles (<10 µm), 
a more pronounced BSD mode at ~30 µm and a larger (volume based) median vesicle 
size of 40-50 µm. In addition, deep submarine erupted pyroclasts show overall lower 
BND values with a mild increase in BND with increasing vesicularity, owing to bubble 
growth and some nucleation instead of being dominated by coalescence and growth. We 
attribute these observations to the higher-pressure regime in deep submarine eruptions, 
where the lower pressure drop at vent in the deep submarine environment, compared to 
eruptions which occur into atmosphere, would result in less potential for bubble 
nucleation, causing overall lower BND values for clasts within the pivotal vesicularity 
range of 65-75%. The higher-pressure confining environment of the deep ocean acting 
on the jet would hinder the ability for the bubbles in the fragmented magma to undergo 
drastic amounts of expansion as they would in atmosphere, therefore reducing the 
amount of bubble wall thinning and resulting bubble coalescence. Qualitative assessment 
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  of shallow erupted Sandy Bay Tephra pyroclasts, however, show that when the jet 
breaches the water atmosphere interface, the sudden pressure drop promotes late stage 
nucleation of bubbles resulting in highly heterogeneous textures with pockets of small 
numerous bubbles. 
 This study demonstrates that although deep submarine erupted pyroclasts have 
similar density distributions and appear visually similar to subaerial explosively erupted 
pyroclasts, their microvesicular textures preserve evidence for a different vesiculation 
history. Further work involving modeling of the pressure dynamics of deep submarine 
eruptions, and microscopic investigation of pyroclasts from other known deep 
submarine eruption worldwide will help to test these hypotheses. If the textural contrasts 
are consistent between subaerial and deep submarine pumice, and are widespread, this 
could potentially be utilised as a way to fingerprint clasts in modern or ancient pumice-
bearing marine sediments.  
190
	   
 
 
 
Chapter 7 
Thesis Overview and Future Research Directions 
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  7.1.  Synthesis of Results Obtained in This Work 
 
The Kermadec arc has provided an excellent environment in which to study the 
processes silicic explosive volcanism because of the relatively uniform compositions 
available and the opportunities to study products of explosive eruptions in subaerial and 
marine environments. From the material available via seafloor dredging and in-situ 
subaerial sampling, I have been able to address some of the key questions in the relatively 
unknown topic of subaqueous explosive volcanism and add to the understanding of 
subaerial vesiculation and fragmentation processes. Some of the main accomplishments 
of this research have been:  
 
 Documentation of strikingly similar density/vesicularity spectra for the majority of 
16-32 mm-sized Kermadec pyroclasts. These clasts have narrow unimodal (~82%) 
vesicularity modes, regardless of the vastly differing eruptive environments (subaerial, 
shallow submarine and deep submarine) (Chapter 3). Such data provide a valuable 
counterpart to the wide range of studies from subaerially erupted deposits worldwide, 
and are a unique data set for the submarine environment. Pyroclasts from the peak 
82% vesicularity modes look macroscopically similar for all eruption environments 
and suggest similar eruptive processes operated to affect fragmentation of such 
material regardless of the presence or absence of water. Seafloor-dredged pyroclasts 
from Macauley volcano, however, show a distinctive bimodal distribution, indicating 
differing eruptive processes taking place. The low-vesicularity modal clasts are 
dominantly angular, whereas the high-vesicularity modal clasts are dominantly well 
rounded, with ~5-10% of clasts showing a gradient in textures from angular to well 
rounded. Whole rock major element analyses show these Macauley dredged 
pyroclasts to be the mixed products of multiple eruptions, representing multiple 
eruptions of a distinctive eruption style. 
 
 Using pyroclast bubble size distributions and number densities in subaerial erupted 
pyroclasts to recognise a pivotal range in vesicularity (65-75%) over which magma is 
most likely to undergo fragmentation (Chapter 4). Density/vesicularity distributions 
show a dearth of pyroclasts with ~65-75% vesicularity. Pyroclasts closest to ~65-
75% vesicularity, however, have the highest bubble number density values regardless 
of eruptive intensity, style or degree of interaction with external water. Final pyroclast 
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  textures therefore record varying degrees of post-fragmentation bubble expansion 
and coalescence, contrary to the idea that pyroclast textures are quenched-in at the 
moment of fragmentation [cf. Houghton and Wilson, 1989]. This result implies that 
modal density clasts, the usual targets for textural studies, are not truly representative 
of the magma at fragmentation. 
 
 Provision of one of the first detailed textural investigations of submarine erupted 
silicic pyroclasts, with two main outcomes. First, my work challenges the existing 
notion of simple end-member explosive or effusive regimes and defines a new 
intermediate eruptive style that is unique to the submarine realm (Chapter 5). This 
eruptive style is neither effusive nor explosive yet generates highly vesicular, widely 
dispersed pumice clasts through buoyant detachment of foaming magma at vent. 
Second, my work shows that the dynamic pressure of a significant overlying water 
column (hundreds of metres deep or more) acting on the eruption jet affects the 
vesiculation processes in the resulting pyroclasts even though their 
density/vesicularity characteristics are indistinguishable from subaerial examples 
(Chapter 6). Deep submarine-erupted pumices may be distinguishable by their unique 
microtextures. 
 
7.2. Advancements in Methodologies and Possible Future Directions 
 
7.2.1. The Use of 16-32 mm Density Suite Samples 
 
This thesis research has brought to light several interesting features (and therefore 
associated complexities) in usage of 16-32 mm pyroclast sample data for both the 
subaerial and seafloor-dredge sample suites. The most intriguing feature is the similarity 
of pyroclast density frequency histograms across the range of settings (subaerial-, 
shallow- and deep submarine-erupted) for dry-type explosive eruptions (Chapter 3). For 
example, all suites share a dominant ~82% vesicularity mode as well as a pronounced 
scarcity of pyroclasts with vesicularities between 65-75%. In Chapter 4, I used pyroclast 
textural investigations from subaerial erupted Raoul volcano suites to show that these 
features can be explained through the concept of a ‘pivotal vesicularity range’ over which 
magma is more likely to fragment. Clasts with greater vesicularity reflect the end result of 
differing degrees of post-fragmentation (but pre-quenching) expansion and bubble 
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  coalescence. In Chapter 6 I compared and contrasted pyroclasts with similar density 
from the subaerial and deep submarine (>1000 m) realm to show that even though 
pyroclasts have similar macroscopic attributes (density, colour, texture, etc) they have 
significantly different microscopic textures, which reflect differences in the eruption 
dynamics.  
 These results have some important implications for the application of pyroclast 
studies in reconstructing processes in explosive volcanism. First, density measurements 
alone are not enough to define the environment in which pyroclasts erupt since both 
deep submarine and subaerially erupted pyroclasts are indistinguishable on this basis 
(Chapter 3). For ancient rocks where the eruptive environment is unknown, this 
conclusion is of great significance. In order to discern the eruptive environment, the 
textures of pyroclasts must be investigated in thin section, and furthermore at high 
enough magnification to see the smallest bubbles (~1-100 µm, usually at ~500x for silicic 
pumice or its ancient equivalent). Second, the choice of pyroclasts for imaging is of 
paramount importance for answering the defined research questions. If a researcher is 
interesting in answering questions pertaining to magma at the moment of fragmentation, 
then pyroclasts with vesicularities closest to the pivotal vesicularity range (i.e., the lowest 
vesicularity clasts from the high vesicularity mode) should be imaged, and not modal 
density clasts which have undergone some degree of post-fragmentation expansion (see 
Chapter 4). Third, the choice of regions to image within the thin section will ultimately 
affect the data. Assuming that pyroclasts have some degree of inherent heterogeneity, the 
operator must find a balance between avoiding heterogeneous zones not representative 
of groundmass vesicularity and preserving an degree of randomness in the selection so as 
to not bias the data. 
 
7.2.2. The Traditional Method of 2D-3D Stereological Conversion 
 
The technique used in this thesis for quantitative textural investigation of pyroclast 
textures involves measuring the areas of bubbles in 2D and calculating an assumed 
bubble volume using stereological conversion equations. The method was developed first 
for the measurement of crystal size distributions [e.g., Marsh 1988; Marsh and Cashman, 
1988] and was later adapted for bubble size distribution measurements [e.g., Toramaru, 
1990, Sahagian and Proussevitch, 1998]. The method has been applied to pyroclast textures 
over a range of compositions for several decades [e.g., Toramaru, 1990; Klug and Cashman, 
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  1994; Klug et al., 2002; Gurioli et al., 2005; Adams et al., 2006; Carey et al., 2009; Giachetti et 
al., 2010; Houghton et al., 2010 Stovall et al., 2011, 2012] and has been shown to be robust 
and yield valuable insights into the volcanic processes that created them.  
 Over the course of this research, issues have emerged regarding the diversity of 
ways in which researchers have applied the 2D-3D quantification methods. There are a 
number of stereological conversion equations available, from the basic Cheng and Lemlich 
[1983] method of dividing the bubble number area by bubble size for each bin size, 
employed by Mangan et al. [1993], Klug and Cashman [1994] and Klug et al. [2002], to the 
more statistically rigorous, yet more complicated equations of Sahagian and Proussevitch 
[1998], which I used for this research (discussed below). The direct comparison of data 
using different techniques (e.g., Cheng and Lemlich [1983] method vs. Sahagian and 
Proussevitch [1998]) is problematic. In addition, the use of using differing parameter 
choices (e.g., 5-pixel vs. 20-pixel minimum size bubble cut-off) can lead to non-
comparable data and conflicting interpretations (see Chapters 2 and 4 for discussion). 
 The stereological conversion method of Sahagian and Proussevitch [1998] was 
published as a series of equations which are not easily applied to pyroclasts with a large 
range of bubble sizes. To facilitate the use of these equations, a multi-tab Microsoft 
Excel spreadsheet was created by early workers which allowed for the use of multiple 
images at nested magnifications and corrections for partially imaged bubbles and varying 
phenocryst content [e.g., Adams, 2005; B. Houghton, K. Cashman, J. Hammer pers. comms]. 
Several studies were published which applied this spreadsheet technique to pyroclast 
images [e.g., Houghton et al., 2003, 2010; Carey et al., 2009; Sable et al., 2009; Murtagh et al., 
2011]. The spreadsheet itself was, however, not published (except in the PhD 
dissertation of Adams [2005]), and therefore it is not possible to scrutinize the data for 
the methodological approach taken. A version of the spreadsheet was made available for 
this thesis research and several months were spent dissecting and understanding it and its 
underlying equations. During this time it became apparent that the level of human 
decision involved was considerable. Small variations in the image rectification method, as 
well as in the spreadsheet inputs, were found to affect the output data significantly (see 
Chapter 2 for discussion).  
 One year into the data acquisition phase of this thesis research, the FOAMS 
program was developed [published in Shea et al., 2010a], which adapted the spreadsheet 
into a ‘plug-and play’ automated GUI interface program in an encrypted Matlab based 
script. Since a great deal of time had been spent understanding the spreadsheet method, I 
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  was able to compare and contrast data using both techniques. In doing this I found 
issues with the FOAMS program (version 1.0.2b), which for users without the 
spreadsheets would be nearly impossible to recognise, but which I was able to correct for 
in my output data (Appendix B). These issued were raised with the principal author and 
the corrections have been/are being made in subsequent versions of FOAMS. 
 Although the Sahagian and Proussevitch [1998] stereological conversion method 
used for this research is long-standing and has been widely developed, there are some 
inherent shortcomings, which I address in Chapter 2 and Appendix B. Of these, the two 
most significant are (a) the inability for the stereological conversion method to be applied 
to elongate or stretched bubbles, and (b) the limitation to pyroclasts with near 
homogenous textures since the textural analysis of two or three small areas are 
extrapolated over the entire pyroclast. New methods are being developed to overcome 
these shortcomings, with non-destructive 3D computed tomographic pyroclast studies 
being very much at the forefront. 
 
7.2.3. Pyroclast 3D Tomography – The Way of the Future? 
 
In the past decade, much progress has been made in developing the method of 3D 
tomographic pyroclast imaging to study and quantify their textural attributes. This 
method involves taking the integration of many closely spaced 2D scans to build a 3D 
image and has proven effective for crystal size distribution studies [e.g., Gualda and Rivers, 
2006; Pamukcu and Gualda, 2010] and studies pyroclasts with bubbles clearly separated by 
thick bubble walls such as basaltic scoria [Song et al., 2001; Polacci et al., 2006, 2009, 2012]. 
Application of this tool to quantifying bubble number densities in pyroclasts with thin 
bubble walls and/or a large range in bubble sizes, such as the case for highly vesicular 
Kermadec pumice, is still in its infancy [Giachetti et al., 2011]. Two major shortcomings in 
using 3D tomography, at present, in analysing pumice are the potentially non-
representative nature of tomographic approaches because of trade-offs between sample 
volume and bubble size resolution, coupled with an inability to rectify bubble walls 
broken by post-eruptive processes. Although this method may not be used at this time to 
confidently calculate BND values in pumice, it has proven beneficial for the imaging and 
understanding of overall textures in pumice. For example, 3D tomography has been 
shown to be a powerful tool for showing how large bubbles have connected to form 
permeable pathways for gases to escape [e.g., Okumura et al., 2008; Polacci et al., 2008; 
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  Degruyter et al., 2010a, 2010b] and providing valuable insights into conduit degassing 
dynamics. The merger of the fine detail of present-day 2-D approaches with the whole-
clast capability of 3-D tomography will enable a new wealth of data and interpretations 
to be undertaken on pyroclasts. 
 
7.3. The Subaerial – Submarine Comparison 
 
A primary aim of this thesis research was to characterise textures from subaerial erupted 
pumices at Raoul volcano and to compare them to submarine erupted pumices from 
other volcanoes along the Kermadec arc. During the course of this work, however, 
unexpected results from the subaerial erupted pyroclast study surfaced which shed new 
light on post-fragmentation processes, applicable to studies of subaerial silicic explosive 
eruption dynamics worldwide. The large number of clasts analysed over a range in 
density, and use of the adjusted techniques which I had developed, provided data with 
which questions could be answered regarding subaerial silicic explosive eruption 
dynamics. The results of these new findings for subaerial volcanism were then applied to 
explosively erupted pyroclasts in the submarine realm, using Healy volcano as a case 
study. 
 
7.3.1. Insights Gained from Subaerial Pyroclast Textures 
 
The investigation of pumices from six eruptions of Raoul volcano has resulted in two 
main findings (Chapter 4). The first of these is the concept of the pivotal vesicularity 
range over which magma is most likely to fragment, and the second is the consequent 
understanding that pyroclasts do not in general quench their textures in at the moment 
of fragmentation [cf. Houghton and Wilson, 1989]. In addition, I compare and contrast 
pyroclasts from high-vesicularity dry-type explosive eruptions of varying eruption 
intensity to lower-vesicularity wet-type eruptions that underwent partial degassing prior 
to eruption: (1) a sub-lacustrine erupted dome and (2) phreatomagmatic pumice cone 
(Chapter 4). The results show that the pivotal vesicularity plays an important role in these 
clasts as well, with clasts of increasing vesicularity approaching the pivotal vesicularity 
range, with associated increases in bubble number densities. These data not only set out a 
benchmark from which comparisons to the submarine erupted examples could be made, 
but highlight that there is still much to be learnt about subaerial eruption processes. 
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  7.3.2. Submarine Pyroclast Textures - Interplay Between Eruption Rate and Water Depth 
 
The thorough assessment of pyroclast textures from the subaerial erupted, and in-situ 
sampled, Raoul pyroclasts, allowed for comparisons to be made with submarine erupted 
pyroclasts sampled via dredging. The results of these studies permit inferences to be 
drawn as to the influence of both eruption rate and water depth on the eruption 
dynamics, with the interplay between the two playing a vital role (Table 7.1). 
 
 
 
Table 7.1. Comparison of eruption rate with water depth for the silicic eruptions (bold), eruptive styles 
(italicised) or volcanoes (normal type) studied. 
Eruption rate   
 Low Moderate High 
Dry Effusive lava flow or dome Green Lake Pumice Matatirohia 
Oneraki 
Shallow Green Lake floated pumice 
Taupo floated pumice 
Rangitahua(?) 
Tangaroan(?) 
Fleetwood (?) 
Sandy Bay Tephra 
Intermediate Effusive lava flow or dome Tangaroan Sandy Bay Tephra 
Water 
depth 
Deep Effusive lava flow or dome Tangaroan Healy 
Raoul SW 
Havre 
 
 
 Eruption rate is central factor in controlling subaerial eruption styles and 
dynamics. In subaerial settings, low eruption rates generally result in large-scale degassing 
and effusive dome-forming activity, high eruption rates result in an explosive Plinian 
column generating widespread deposits, and intermediate eruption rates result in mildly 
explosive activity and pumice/scoria cone formation (Table 7.1). This research shows 
that for submarine eruptions, the interplay between eruption rate and water depth plays 
an additional significant role in eruption dynamics, with an array of eruption-styles and 
resulting pyroclast textures.  
 At low eruption rate, the style of subaqueous eruptions is predicted to vary little 
from their subaerial counterparts. Submarine pumiceous dome carapace material may 
detach and float prior to deposition but the textures are largely similar to subaerial dome 
pyroclasts in showing evidence for degassing, even in Vulcanian clasts (Chapter 4). For 
this research, the pyroclast textures from two shallow-water (lacustrine) erupted domes 
were investigated (Chapter 4) but neither subaerial nor deeper-water erupted examples 
from the Kermadec sample suites were available for this study, and therefore further 
comparisons could not be made. 
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   For moderate eruption rate eruptions underwater, however, the eruption style is 
found to be different to anything described on land. In Chapter 5 I presented evidence 
for a new eruptive style (Tangaroan) in which the combination of moderate eruption rate 
and a subaqueous setting allows for a fragmentation mechanism that is impossible on 
land. The moderate eruption rate allows the magma to vesiculate sufficiently within the 
conduit without large scale degassing and without magmatically fragmenting within the 
conduit. Since the density of this vesiculated magma is lower than seawater, however, it 
allows for detachment of blebs of foamy magma at vent through buoyancy and dispersal 
by floatation. The fragmentation level is essentially at the seafloor vent, and not within 
the conduit as under high eruption rate conditions. Pyroclasts and deposits that may have 
resulted from this style have been described for shallow lacustrine [e.g., Mann et al., 2004] 
and submarine settings [e.g., Stern et al., 2008]. 
 At high eruption rates, despite the presence of a water column, the density 
spectra and macroscopic pumice textures do not appear different to those in subaerial 
erupted pyroclasts but the microscopic textures are measurably different (Chapter 6). For 
eruptions that do not breach the sea surface, the dynamic pressure exerted on the 
eruption jet is evident in the pyroclast microtextures (as seen in Healy, Raoul SW and 
Havre pyroclasts). Fragmentation is still proposed to occur at vesicularities within the 
pivotal range, but the subsequent bubble growth dynamics prior to quenching differ, 
with growth and nucleation playing a greater role than coalescence as per subaerial 
pyroclasts. If the eruption jet is able to breach the sea surface the rapid decrease in 
pressure is translated to the pyroclast texture as an addition rapid homogenous 
nucleation event (as seen in the Sandy Bay Tephra pyroclasts). This nucleation event is 
seen as zones of abundant small bubbles within the complex heterogeneous groundmass 
texture of large, thin walled, highly coalesced and sometimes highly contorted bubbles.  
 
7.4. Further Questions and Future Research Directions 
 
7.4.1. At What Water Depth are Pyroclast Textures Affected? 
 
In retrospect, backscattered electron images of Fleetwood pyroclasts that were not 
analysed in detail, similar zones of abundant small bubbles (similar to those in the Sandy 
Bay Tephra pyroclasts) are evident in parts of the groundmass, suggesting that a similar 
flash nucleation event may have occurred when the eruption breached the shallow waters 
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  of Denham Bay. Due to the highly heterogeneous nature of this texture, and the 
limitations of the 2D-3D stereological conversion techniques used, the bubble number 
densities and size distributions were not quantified for these complex clasts. It would be 
interesting, however, to pursue the investigation of shallow erupted explosive pyroclasts 
with 3D tomographic imaging to define the nature of these heterogeneous zones. 3D 
tomography would help to define at what extent they exist (e.g., are they isolated or 
pervasive throughout?) and to answer questions as to whether they may have an affect 
on the fragmentation processes involved. Using tomographic images, regions for 2D thin 
sectioning and quantitative analyses could be targeted. Additionally, comparisons could 
be made to textures in other subaqueous eruptions that breached the sea surface, for 
example the Phase 3 deposit of the Minoan eruption of Santorini, which shows similar 
characteristics to the Sandy Bay Tephra deposits [Sparks and Wilson, 1990]. Finally, 
parallels could be drawn to eruptions such as the Taupo 232AD event, which occurred 
through a lake in order to define at which water depth the dynamic pressure of an 
overlying water column no longer affects the microscopic pyroclast textures.  
 An experimental approach may help define the conditions at which the later 
nucleation even took place. A decompression experiment in which a large 
decompression (simulating fragmentation) followed by a smaller decompression 
(simulating breaching the water surface) could be undertaken to understand the bubble 
nucleation and growth dynamics. One other possibility is to use an adaptation of the 
CONFLOW model [Mastin, 2002] to simulate submarine eruption conditions. 
 
7.4.2. How Can we Better Understand Magmatic Fragmentation? 
 
The finding and documentation of a pivotal vesicularity range at 65-75%, coupled with 
recognition of the varying degrees of post-fragmentation expansion for higher 
vesicularity clasts (Chapter 4), has broad implications for studies of magma 
fragmentation during explosive eruptions. If pyroclasts have the ability to expand, and 
for their bubbles to undergo post-fragmentation modification prior to quenching then 
might volcanic ash, which conceivably quenched more rapidly (if not formed through 
abrasion), better preserve the vesicularity characteristics of the magma on fragmentation? 
This question may be answered if ash particles consistently show larger bubble wall 
thickness when compared to those in pumice. Tephra studies commonly report laser 
spot analyses on 2D polished ash shards using 25-35 micron spot diameters and 
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  excavating to 5-10 micron depths (e.g., Allan et al. [2008]; cf. Jenner and O’Neill [2012]), 
whereas thin sections of subaerial erupted pumice pyroclasts show bubble walls that are 
rarely thicker than ~5 µm (for Raoul pumices). Is it therefore possible that pumice just 
represents the magma that ‘didn’t’ fully fragment, with ash-grade material representing 
true magmatically fragmented magma? In addition, the existence of an 82% vesicularity 
mode for dry-erupted explosive pyroclasts in both subaerial and submarine settings 
(regardless of water depth) suggests that something fundamental happens. At this 
vesicularity the bubble wall thicknesses are different for subaerial and shallow submarine 
erupted pyroclasts (~1-5 µm), than for deep submarine erupted pyroclasts (~5-15 µm). 
Does, therefore, this vesicularity correspond to the volume fraction at which pervasive 
permeability develops rapidly, and hence rupturing of the magma occurs [Rust and 
Cashman, 2011]? In order to answer these questions a comparative study of ash shards 
and pumice clasts would need to be carried out. This could be undertaken with Scanning 
Electron images as well as high-resolution 3D tomography of ash and pumice clasts of a 
range of sizes. Comparisons could be drawn to highly energetic eruptions in which ash is 
the dominant pyroclast size, such as the 27 ka Oruanui super eruption, New Zealand. As 
a consequence of my observations and inferences, the widely used Toramaru [2006] model 
of a relationship between bubble number density and the vigour of explosive activity still 
holds at fragmentation, but cannot be confidently applied to pyroclasts which have 
undergone post-fragmentation bubble modification. 
 
7.4.3. Implications of Bubble Textures for the Pre-Eruptive State of Magmas 
 
During the course of this research many pumices were examined both for density 
measurement (12,716 clasts) and in thin section (130), and several interesting textural 
features were noticed. One of these is the occurrence of a vesicle texture where crystals 
are suspended in a cradle of glass films (Chapter 6), termed ‘palisade texture’ by previous 
workers. This texture occurs in pyroclasts from all Kermadec eruptions studied, has been 
noted in pyroclasts worldwide, but has not been documented and explained in detail. In 
Chapter 6 I inferred that the palisade textures represent pre-eruptive bubbles 
heterogeneously nucleated on crystals, which during eruption grew through 
decompression expansion. The presence of this texture has important implications for 
inferring the gas-saturated nature of pre-eruptive magma chambers.  
 Additional questions, therefore, have arisen regarding the validity of assuming 
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  homogeneous nucleation as the dominant nucleation regime upon eruption. What 
influence do few but large bubbles have on the homogeneity vs. heterogeneity of 
nucleation on eruption? If magma chambers are not gas saturated, what is the source of 
the gas phase triggering the heterogeneous nucleation of gas bubbles on crystals prior to 
eruption? Could, for example, the under-plating and/or injection of mafic magmas prior 
to eruption [e.g., Barker et al., 2013 (Appendix H)] act as a volatile source (the mafic 
“wind” of Bachman and Bergantz, [2006])? The presence of highly vesicular groundmass 
glass between the palisade bubbles implies that homogenous nucleation is largely 
dominant in the areas between the heterogeneously nucleated bubbles during the rapid 
decompression experienced at eruption. Could this process be modelled numerically or 
experimentally? This implies that nucleation is more likely an ongoing event prior to 
fragmentation, rather than a single bubble nucleation event, with ~100 MPa 
decompression, assumed in many numerical models (see discussion and references in 
Chapter 1, section 1.2.1.1.).   
 
7.5. Summary  
 
Each of the Key Questions laid out in Chapter 1 are returned to here in light of the 
findings of this PhD research:  
 
1. What is the most effective approach in characterising pyroclasts from explosive eruptions? 
 
The current state-of-the-art for investigating and quantifying pumice pyroclast textures 
lies in pyroclast density determinations and 2D to 3D stereological conversion from thin 
section images. This methodology is ripe with shortcomings, as discussed in Chapters 1 
and 2, but the data are robust if collected within the limits of its application. I foresee the 
future, however, to lie in 3D pyroclast tomography, but only when its shortcomings 
(principally the balance between sample size and resolution) in pumice analysis are 
overcome. The development of 3D tomography as a viable textural quantification 
methodology will also only be achieved when the barriers of large computing capacity 
and associated expense are lowered, therefore making the technique (and its refinement) 
available to a larger range of workers. 
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  2. What is the macroscopic nature of pyroclasts from submarine silicic eruptions? 
 
Pumice has similar macroscopic attributes (density, colour, texture etc) for all dry-type 
eruptions regardless of the eruptive environment (subaerial: Raoul, shallow submarine: 
Sandy Bay Tephra, deep submarine: Healy, Raoul SW, Havre). Therefore to gain insights 
into their eruptive dynamics microscopic textural investigations must be carried out. 
 
3. What can textural studies tell us about the processes in subaerial and submarine volcanism?  
 
Pyroclast densities, and bubble sizes and number densities, collected in the studies of 
subaerially erupted pumices from Raoul volcano are used to define a pivotal vesicularity 
range (65-75%) in which magma is most likely to undergo fragmentation. Clasts with 
greater vesicularities have undergone varying degrees of post fragmentation expansion 
and bubble coalescence and growth prior to quenching. Almost all studies of pumice 
textures therefore require some degree of reassessment to see if these relationships hold 
for other compositions and other eruptive styles (e.g., large ignimbrite-forming events). 
 
4. Are all submarine silicic eruptions necessarily either explosive or effusive?  
 
Pyroclast density and bubble size and number density, as well as geochemical studies of 
seafloor-dredged pyroclasts around Macauley volcano give evidence for a new 
intermediate submarine silicic eruption style. This eruption style is neither effusive nor 
explosive yet which can generate highly vesicular, widely dispersed pumice clasts through 
the buoyant detachment of foaming magma at vent. 
 
5. How do the nature and timing of bubble nucleation and growth in deep marine environments 
compare to their subaerial counterparts? 
 
The overlying water column in deep submarine, explosive eruptions does not affect the 
macroscopic vesicularity of pyroclasts, but has a noticeable and quantifiable effect on the 
accompanying microtextural characteristics. The higher-pressure regime of the deep 
submarine environment inhibits the rapid decompression and expansion of clasts, as it 
would if erupted into air, and therefore the bubble characteristics are not indicative of a 
coalescence-dominated regime. These distinctive differences therefore open up the 
possibility of being able to fingerprint subaerial versus deep-water submarine-erupted 
pyroclasts in ancient volcaniclastic sequences.  
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  The techniques used in this thesis have application to a wide range of volcanic deposits 
and eruptive styles globally. The development of less labour-intensive textural analytical 
techniques, and availability of 3-D tomographic methods for examining the internal 
textures of clasts without affecting their shape characteristics will undoubtedly see 
application of the concepts presented here into a wide range of pyroclastic rocks. 
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Appendix A 
Pyroclast Images 
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The following appendix presents all raw and rectified pyroclast images used in this study. 
Samples marked with (†) were not chosen for quantification and only raw images are 
presented (see attached CD). Rectified images were created from the raw images using 
the Adobe Photoshop program (see Chapter 2 for detailed description). For rectified 
images, bubbles are black, glass is white and crystals are grey. Density/vesicularity 
histograms showing how clasts were chosen for thin sectioning across the range in 
density can be found in Appendix G for Raoul volcano and the Sandy Bay Tephra of 
Macauley volcano, in Rotella et al. [2013a (Chapter 4)] for the Taupo floated pumice, and 
in Chapter 6 for Healy, Raoul SW and Havre volcanoes. 
Backscattered electron (BSE) images were taken on a JEOL JXA 8320 
SuperProbe electron microprobe (Victoria University of Wellington, School of 
Geography, Environment and Earth Sciences) with the exception of images marked with 
(*) which were taken on a JEOL-5900LV scanning electron microscope (University of 
Hawaii at Manoa, School of Ocean, Earth Science and Technology), or (**) which were 
taken on a JEOL JSM-5300LV scanning electron microscope (Victoria University of 
Wellington, School of Chemical and Physical Sciences). All images were taken at 1280 x 
960 pixels resolution. Scanned thin section images were taken at Victoria University of 
Wellington at 3200 dpi resolution with the exception of thin sections marked with (***) 
which were taken at the University of Hawaii at 1200 dpi resolution. See Chapter 2 for a 
detailed description of the imaging methods used.  
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Samples Imaged but not Quantified (see attached CD)†: 
 
Raoul volcano 
 
Rangitahua 
RI04_P01_C8† 
RI04_P01_C41†  
 
Matatirohia 
RI06_P01_C10†  
 
Green Lake 
RI18_P08_C50†  
RI18_P08_C65b†  
RI18_P08_C93†  
 
Green Lake Floated Pumice 
RI08_P07_C17†  
 
Oneraki 
RI12_P03_C41†  
RI12_P05_C92†  
 
Fleetwood 
RI15_P01_C12†  
RI15_P03_C38†  
 
Macauley volcano 
 
Sandy Bay Tephra, Macauley Island 
MI01_P07_C22†  
MI01_P07_C151†  
MI06_P01_C17†  
MI07_P01_C23†  
MI07_P01_C99†  
SB02_P01_C3†  
 
Seafloor Dredged around Macauley Island 
D25_C2a†  
D25_C2b†  
D25_C7†  
D25_C11†  
D30_C1†  
D30_C3†  
D30_C8†  
D30_C10†  
D31_C2†  
D31_C7†  
D31_C8†  
D31_C10†  
D33_C4†  
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Healy volcano 
 
Seafloor Dredged at Healy volcano 
D36_C74†  
D37_C4†  
D37_C13†  
D37_C58†  
D37_C113†  
D37_C185†  
D37_C279†  
D37_C689†  
D37_C692†  
D44_C22†  
D44_C111†  
D44_C118†  
D46_C6†  
D46_C12†  
D46_C168†  
D46_C192†  
D46_C243†  
 
Raoul SW volcano 
 
Seafloor Dredged at Raoul SW volcano 
D22_C32†  
 
July 2012 Kermadec pumice eruption, Havre volcano 
 
July 2012 Kermadec Pumice Eruption 
HV_S3_C4b†  
HV_S3_C29b†  
HV_S3_C46b†  
237
RI03_P01_C33
40x 40x
100x
scan
Clast Density = 1.03 g/cm3 
Clast Vesicularity = 58.0%
BND = 1.30 x 108 /cm3
BNDcorr = 3.20 x 108 /cm3
500 μm
100x
100 μm
100x
40x
200 μm
100 μm
0.5 cm
238
RI03_P01_C33500x
20 μm
25 μm
239
RI03_P01_C33
40x 40x
100x
scan
500 μm
100x
100 μm
100x
40x
Clast Density = 1.03 g/cm3 
Clast Vesicularity = 58.0%
BND = 1.30 x 108 /cm3
BNDcorr = 3.20 x 108 /cm3
200 μm
100 μm
0.5 cm
240
RI03_P01_C33500x
20 μm
25 μm
241
RI04_P01_C3
40x 40x
150x
Clast Density = 1.07 g/cm3 
Clast Vesicularity = 55.5%
BND = 1.52 x 108 /cm3
BNDcorr = 3.42 x 108 /cm3
500 μm
150x
100 μm
150x
40x
scan
200 μm
100 μm
0.5 cm
242
RI04_P01_C3500x
20 μm
25 μm
243
RI04_P01_C3
40x 40x
150x
500 μm
150x
100 μm
150x
40x
scan
Clast Density = 1.07 g/cm3 
Clast Vesicularity = 55.5%
BND = 1.52 x 108 /cm3
BNDcorr = 3.42 x 108 /cm3
200 μm
100 μm
0.5 cm
244
RI04_P01_C3500x
20 μm
25 μm
245
RI04_P01_C22
40x 40x
150x
Clast Density = 0.53 g/cm3 
Clast Vesicularity = 78.1%
BND = 6.48x 108 /cm3
BNDcorr = 2.96 x 109 /cm3
500 μm
150x
100 μm
150x
40x
scan
200 μm
100 μm
0.5 cm
246
RI04_P01_C22500x
20 μm
25 μm
247
RI04_P01_C22
40x 40x
150x
500 μm
150x
100 μm
150x
40x
scan
Clast Density = 0.53 g/cm3 
Clast Vesicularity = 78.1%
BND = 6.48x 108 /cm3
BNDcorr = 2.96 x 109 /cm3
200 μm
 
0.5 cm
248
RI04_P01_C22500x
20 μm
25 μm
249
RI06_P01_C8
40x 40x
150x
500 μm
150x
100 μm
150x
40x
scan
Clast Density = 0.46 g/cm3 
Clast Vesicularity = 80.8%
BND = 1.52 x 109 /cm3
BNDcorr = 7.93 x 109 /cm3
200 μm
100 μm
0.5 cm
250
RI06_P01_C8500x
20 μm
25 μm
251
RI06_P01_C8
40x 40x
150x
Clast Density = 0.46 g/cm3 
Clast Vesicularity = 80.8%
BND = 1.52 x 109 /cm3
BNDcorr = 7.93 x 109 /cm3
500 μm
150x
100 μm
150x
40x
scan
200 μm
100 μm
0.5 cm
252
RI06_P01_C8500x
20 μm
25 μm
253
RI06_P04_C73
40x 40x
40x 150x
scan
Clast Density = 0.42 g/cm3 
Clast Vesicularity = 82.6%
BND = 1.55 x 109 /cm3
BNDcorr = 8.90 x 109 /cm3
500 μm
150x 150x
100 μm
200 μm
100 μm
0.5 cm
254
RI06_P04_C73500x
20 μm
25 μm
255
RI06_P04_C73
40x 40x
40x 150x
scan
500 μm
150x 150x
100 μm
Clast Density = 0.42 g/cm3 
Clast Vesicularity = 82.6%
BND = 1.55 x 109 /cm3
BNDcorr = 8.90 x 109 /cm3
200 μm
100 μm
0.5 cm
256
RI06_P04_C73500x
20 μm
25 μm
257
RI08_P01_C16
40x 40x
40x 150x
scan
500 μm
150x 150x
100 μm
Clast Density = 0.43 g/cm3 
Clast Vesicularity = 82.3%
BND = 5.92 x 108 /cm3
BNDcorr = 3.35 x 109 /cm3
200 μm
100 μm
0.5 cm
258
RI08_P01_C16500x
20 μm
25 μm
259
RI08_P01_C16
40x 40x
40x
150x
scan
Clast Density = 0.43 g/cm3 
Clast Vesicularity = 82.3%
BND = 5.92 x 108 /cm3
BNDcorr = 3.35 x 109 /cm3
500 μm
150x
100 μm
150x
40x
200 μm
100 μm
0.5 cm
260
RI08_P01_C16500x
20 μm
25 μm
261
RI08_P07_C21
40x 40x
150x
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.9%
BND = 3.39 108 /cm3
BNDcorr = 8.25 x 108 /cm3
150x
scan
200 μm
100 μm
0.5 cm
262
RI08_P07_C21
500x
25 μm
263
RI08_P07_C21
40x 40x
150x
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.9%
BND = 3.39 108 /cm3
BNDcorr = 8.25 x 108 /cm3
500 μm
100 μm
150x
scan
200 μm
100 μm
0.5 cm
264
RI08_P07_C21
500x
25 μm
265
RI08_P07_C27
40x 40x
150x
scan
Clast Density = 0.68 g/cm3 
Clast Vesicularity = 71.7%
BND = 5.52 108 /cm3
BNDcorr = 1.95 x 109 /cm3
500 μm
100 μm
150x
200 μm
100 μm
0.5 cm
266
RI08_P07_C27
40x 40x
150x
scan
Clast Density = 0.68 g/cm3 
Clast Vesicularity = 71.7%
BND = 5.52 108 /cm3
BNDcorr = 1.95 x 109 /cm3
150x
200 μm
100 μm
0.5 cm
267
RI08_P07_C27
500x
25 μm
268
RI08_P07_C27
500x
25 μm
269
RI12_P01_C2
40x 40x
100x
Clast Density = 1.06 g/cm3 
Clast Vesicularity = 55.7%
BND = 1.03 x 109 /cm3
BNDcorr = 2.32 x 109 /cm3
500 μm
100x
100 μm
100x
40x
scan***
200 μm
100 μm
0.5 cm
270
RI12_P01_C2500x
20 μm
25 μm
271
RI12_P01_C2
40x 40x
100x
500 μm
100x
100 μm
100x
40x
scan
100 μm
200 μm
Clast Density = 1.06 g/cm3 
Clast Vesicularity = 55.7%
BND = 1.03 x 109 /cm3
BNDcorr = 2.32 x 109 /cm3
0.5 cm
272
RI12_P01_C2500x
20 μm
25 μm
273
RI12_P01_C13**
stitched 50x images stitched 50x images
150x 150x
scan
Clast Density = 0.54 g/cm3 
Clast Vesicularity = 77.3%
BND = 1.78 x 109 /cm3
BNDcorr = 7.83 x 109 /cm3
0.5 cm
274
RI12_P01_C13**
500x
Note: scales are the same for all images
275
RI12_P01_C13
stitched 50x images stitched 50x images
150x 150x
scan
Clast Density = 0.54 g/cm3 
Clast Vesicularity = 77.3%
BND = 1.78 x 109 /cm3
BNDcorr = 7.83 x 109 /cm3
500 μm
100 μm
0.5 cm
276
RI12_P01_C13
500x
20 μm
25 μm
277
RI12_P01_C31*
25x 25x
100x 100x
scan***
Clast Density = 1.57 g/cm3 
Clast Vesicularity = 34.7%
BND = 6.40 x 108 /cm3
BNDcorr = 9.80 x 108 /cm3
0.5 cm
278
RI12_P01_C31*
500x
20 μm
25 μm
279
RI12_P01_C31
25x 25x
100x 100x
scan
500 μm
100 μm
Clast Density = 1.57 g/cm3 
Clast Vesicularity = 34.7%
BND = 6.40 x 108 /cm3
BNDcorr = 9.80 x 108 /cm3
500 μm
100 μm
0.5 cm
280
RI12_P01_C31
500x
20 μm
25 μm
281
RI12_P01_C37*
25x 25x
100x 100x
scan***
Clast Density = 0.31 g/cm3 
Clast Vesicularity = 87.2%
Nv = 5.40 x 108 /cm3
Nvcorr = 4.22 x 109 /cm3
500 μm
100 μm
0.5 cm
282
RI12_P01_C37*
500x
283
RI12_P01_C37
25x 25x
100x 100x
scan
Clast Density = 0.31 g/cm3 
Clast Vesicularity = 87.2%
BND = 5.40 x 108 /cm3
BNDcorr = 4.22 x 109 /cm3
500 μm
100 μm
0.5 cm
500 μm
100 μm
284
RI12_P01_C37
500x
25 μm
285
RI12_P01_C58*
25x 25x
100x 100x
scan
Clast Density = 0.43 g/cm3 
Clast Vesicularity = 81.9%
BND = 6.73 x 108 /cm3
BNDcorr = 3.73 x 109 /cm3
0.5 cm
286
RI12_P01_C58*
500x
287
RI12_P01_C58
25x 25x
100x 100x
scan
500 μm
100 μm
Clast Density = 0.43 g/cm3 
Clast Vesicularity = 81.9%
BND = 6.73 x 108 /cm3
BNDcorr = 3.73 x 109 /cm3
500 μm
100 μm
0.5 cm
288
RI12_P01_C58
500x
20 μm
25 μm
289
RI12_P01_C61
40x 150x
scan
100 μm
150x 150x
40x 40x
Clast Density = 1.37 g/cm3 
Clast Vesicularity = 42.8%
BND = 1.82 x 109 /cm3
BNDcorr = 3.19 x 109 /cm3
0.5 cm
200 μm
100 μm
290
RI12_P01_C61500x
20 μm
25 μm
291
RI12_P01_C61
40x 40x
scan
150x 150x
Clast Density = 1.37 g/cm3 
Clast Vesicularity = 42.8%
BND = 1.82 x 109 /cm3
BNDcorr = 3.19 x 109 /cm3
0.5 cm
200 μm
100 μm
292
RI12_P01_C61
500x
25 μm
293
RI12_P01_C100*
25x 25x
100x 100x
scan***
Clast Density = 0.92g/cm3 
Clast Vesicularity = 61.6%
BND = 2.21 x 109 /cm3
BNDcorr = 5.76 x 109 /cm3
0.5 cm
294
RI12_P01_C100*
500x
295
RI12_P01_C100
25x 25x
100x 100x
scan
500 μm
100 μm
Clast Density = 0.92g/cm3 
Clast Vesicularity = 61.6%
BND = 2.21 x 109 /cm3
BNDcorr = 5.76 x 109 /cm3
500 μm
100 μm
0.5 cm
296
RI12_P01_C100
500x
20 μm
25 μm
297
RI12_P03_C7*
25x 25x
100x 100x
scan***
Clast Density = 0.34 g/cm3 
Clast Vesicularity = 85.6%
BND = 3.74 x 108 /cm3
BNDcorr = 2.59 x 109 /cm3
500 μm
100 μm
500 μm
100 μm
0.5 cm
298
RI12_P03_C7*
500x
20 μm
25 μm
299
RI12_P03_C7
25x 25x
100x 100x
scan
500 μm
100 μm
Clast Density = 0.34 g/cm3 
Clast Vesicularity = 85.6%
BND = 3.74 x 108 /cm3
BNDcorr = 2.59 x 109 /cm3
500 μm
100 μm
0.5 cm
300
RI12_P03_C7
500x
20 μm
25 μm
301
RI12_P03_C54*
25x 25x
100x 100x
scan***
500 μm
100 μm
Clast Density = 0.49 g/cm3 
Clast Vesicularity = 79.6%
BND = 1.15 x 109 /cm3
BNDcorr = 5.64 x 109 /cm3
0.5 cm
500 μm
100 μm
302
RI12_P03_C54*
500x
20 μm
25 μm
303
RI12_P03_C54
25x 25x
100x 100x
scan
Clast Density = 0.49 g/cm3 
Clast Vesicularity = 79.6%
BND = 1.15 x 109 /cm3
BNDcorr = 5.64 x 109 /cm3
500 μm
100 μm
0.5 cm
304
RI12_P03_C54
500x
20 μm
25 μm
305
RI12_P03_C59*
25x 25x
100x 100x
scan***
Clast Density = 0.73 g/cm3 
Clast Vesicularity = 69.6%
BND = 7.98 x 108 /cm3
BNDcorr = 2.62 x 109 /cm3
500 μm
100 μm
0.5 cm
500 μm
100 μm
306
RI12_P03_C59*
500x
20 μm
25 μm
307
RI12_P03_C59
25x 25x
100x 100x
scan
500 μm
100 μm
Clast Density = 0.73 g/cm3 
Clast Vesicularity = 69.6%
BND = 7.98 x 108 /cm3
BNDcorr = 2.62 x 109 /cm3
0.5 cm
500 μm
100 μm
308
RI12_P03_C59
500x
20 μm
25 μm
309
RI12_P05_C2**
stitched stitched
150x 150x
scan
Clast Density = 0.46 g/cm3 
Clast Vesicularity = 80.8%
BND = 1.4 x 109 /cm3
BNDcorr = 7.5 x 109 /cm3
500 μm
100 μm
100 μm
0.5 cm
310
RI12_P05_C2**
500x
20 μm
311
RI12_P05_C2
stitched stitched
150x 150x
scan
500 μm
100 μm
Clast Density = 0.46 g/cm3 
Clast Vesicularity = 80.8%
BND = 1.4 x 109 /cm3
BNDcorr = 7.5 x 109 /cm3
0.5 cm
200 μm
100 μm
312
RI12_P05_C2
500x
20 μm
25 μm
313
RI12_P05_C41
40x 40x
40x 150x
scan
Clast Density = 0.27 g/cm3 
Clast Vesicularity = 88.6%
BND = 4.63 x 108 /cm3
BNDcorr = 4.06 x 109 /cm3
500 μm
150x 150x
100 μm
200 μm
100 μm
0.5 cm
314
RI12_P05_C41
150x
20 μm
150x
150x 500x
500x 500x
500x 500x
100 μm
25 μm
315
RI12_P05_C41
500x
20 μm
25 μm
316
RI12_P05_C41
40x 40x
150x 150x
scan
Clast Density = 0.27 g/cm3 
Clast Vesicularity = 88.6%
BND = 4.63 x 108 /cm3
BNDcorr = 4.06 x 109 /cm3
500x 500x
200 μm 
100 μm
25 μm
0.5 cm
317
RI12_P05_C41
500x
25 μm
318
RI12_P05_C88*
25x 25x
100x 100x
scan***
Clast Density = 0.60 g/cm3 
Clast Vesicularity = 75.2%
BND = 2.69 x 109 /cm3
BNDcorr = 1.08 x 1010 /cm3
500 μm
100 μm
500 μm
100 μm
0.5 cm
319
RI12_P05_C88*
500x
20 μm
25 μm
320
RI12_P05_C88
25x 25x
100x 100x
scan
500 μm
100 μm
Clast Density = 0.60 g/cm3 
Clast Vesicularity = 75.2%
BND = 2.69 x 109 /cm3
BNDcorr = 1.08 x 1010 /cm3
0.5 cm
500 μm
100 μm
321
RI12_P05_C88
500x
20 μm
25 μm
322
RI13_P01_C30
40x 40x
40x 150x
scan
500 μm
150x 150x
100 μm
Clast Density = 0.47 g/cm3 
Clast Vesicularity = 80.3%
BND = 1.44 x 109 /cm3
BNDcorr = 7.29 x 109 /cm3
0.5 cm
323
RI13_P01_C30
500x
20 μm
25 μm
324
RI13_P01_C30
40x 40x
40x 150x
scan
500 μm
150x 150x
100 μm
Clast Density = 0.47 g/cm3 
Clast Vesicularity = 80.3%
BND = 1.44 x 109 /cm3
BNDcorr = 7.29 x 109 /cm3
0.5 cm
325
RI13_P01_C30
500x
20 μm
25 μm
326
RI15_P03_C49
40x 40x
40x 40x
scan
Clast Density = 0.74 g/cm3 
Clast Vesicularity = 69.2%
BND = 5.70 x 109 /cm3
BNDcorr = 1.85 x 1010 /cm3
100 μm
200 μm
0.5 cm
327
RI15_P03_C49
150x
500x
150x
500x
500x
150x150x
500x
100 μm
25 μm
328
RI15_P03_C49
500x
25 μm
329
RI15_P03_C49
40x 40x
150x 150x
scan
100 μm
Clast Density = 0.74 g/cm3 
Clast Vesicularity = 69.2%
BND = 5.70 x 109 /cm3
BNDcorr = 1.85 x 1010 /cm3
200 μm
100 μm
0.5 cm
330
RI15_P03_C49
500x
25 μm
331
D31_C6 Region A
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 1.02 g/cm3
Region Vesicularity = 57.4%
Region BND = 2.03 x 108 /cm3
Region BNDcorr = 4.77 x 108 /cm3
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
332
D31_C6_Region A
500x
25 μm
333
D31_C6 Region A
40x 150x
scan
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 1.02 g/cm3
Region Vesicularity = 57.4%
Region BND = 2.03 x 108 /cm3
Region BNDcorr = 4.77 x 108 /cm3
150x 150x
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
334
D31_C6 Region A
500x
25 μm
335
D31_C6 Region D
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 1.01 g/cm3
Region Vesicularity = 58.0%
Region BND = 8.17 x 107 /cm3
Region BNDcorr = 1.94 x 108 /cm3
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
336
D31_C6 Region D
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 1.01 g/cm3
Region Vesicularity = 58.0%
Region BND = 8.17 x 107 /cm3
Region BNDcorr = 1.94 x 108 /cm3
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
337
D31_C6 Region F
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 0.58 g/cm3
Region Vesicularity = 76.0%
Region BND = 4.33 x 107 /cm3
Region BNDcorr = 1.80 x 108 /cm3
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
338
D31_C6 Region F
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 0.58 g/cm3
Region Vesicularity = 76.0%
Region BND = 4.33 x 107 /cm3
Region BNDcorr = 1.80 x 108 /cm3
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
339
D31_C6 Region H
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 0.27 g/cm3
Region Vesicularity = 88.8%
Region BND = 1.05 x 107 /cm3
Region BNDcorr = 8.79 x 107 /cm3
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
340
D31_C6 Region H
40x 150x
scan
150x 150x
Clast Density = 0.89 g/cm3 
Clast Vesicularity = 63.1%
Region Density = 0.27 g/cm3
Region Vesicularity = 88.8%
Region BND = 1.05 x 107 /cm3
Region BNDcorr = 8.79 x 107 /cm3
H
A
D
F
B
C
E
G
200 μm 100 μm
0.5 cm
341
D33_C3
40x 40x
40x 100x
scan
Clast Density = 0.24 g/cm3 
Clast Vesicularity = 89.8%
BND = 1.06 x 107 /cm3
BNDcorr = 1.04 x 108 /cm3
500 μm
100x 100x
200 μm
100 μm
0.5 cm
342
D33_C3
100x
100 μm
343
D33_C3
40x 40x
scan
500 μm
100 μm
100x 100x
100 μm
200 μm
Clast Density = 0.24 g/cm3 
Clast Vesicularity = 89.8%
BND = 1.06 x 107 /cm3
BNDcorr = 1.04 x 108 /cm3
0.5 cm
344
D33_C3
100x
20 μm
100 μm
345
D33_C5
40x 40x
scan
100 μm
40x 150x
Clast Density = 0.90 g/cm3 
Clast Vesicularity = 62.8%
BND = 6.51 x 107 /cm3
BNDcorr = 1.75 x 108 /cm3
200 μm
100 μm
0.5 cm
346
D33_C5
150x
20 μm
100 μm
347
D33_C5
40x 40x
scan
100 μm
150x 150x
Clast Density = 0.90 g/cm3 
Clast Vesicularity = 62.8%
BND = 6.51 x 107 /cm3
BNDcorr = 1.75 x 108 /cm3
200 μm
100 μm
0.5 cm
348
D33_C5
150x
100 μm
349
D37_C1a
40x
Clast Density = 0.43 g/cm3 
Clast Vesicularity = 82.0%
BND = 2.35 x 108 /cm3
BNDcorr = 1.31 x 109 /cm3
150x150x
40x
scan
200 μm
100 μm
0.5 cm
350
D37_C1a
500x
20 μm
25 μm
351
D37_C1a
40x
150x150x
40x
scan
Clast Density = 0.43 g/cm3 
Clast Vesicularity = 82.0%
BND = 2.35 x 108 /cm3
BNDcorr = 1.31 x 109 /cm3
200 μm
100 μm
0.5 cm
352
D37_C1a
500x
20 μm
25 μm
353
D37_C77
Clast Density = 0.53 g/cm3 
Clast Vesicularity = 77.7%
BND = 1.82 108 /cm3
BNDcorr = 8.17 x 108 /cm3
150x40x
scan
150x150x
40x40x
0.5 cm
200 μm
100 μm
354
D37_C77
25 μm
355
D37_C77
25 μm
356
D37_C77
Clast Density = 0.53 g/cm3 
Clast Vesicularity = 77.7%
BND = 1.82 108 /cm3
BNDcorr = 8.17 x 108 /cm3
150x150x
scan
500x500x
40x40x
0.5 cm
200 μm
100 μm
25 μm
357
D37_C77
25 μm
358
D37_C223
40x
Clast Density = 0.66 g/cm3 
Clast Vesicularity = 72.7%
BND = 2.92 108 /cm3
BNDcorr = 1.07 x 109 /cm3
150x40x
40x
scan
150x150x
200 μm
100 μm
0.5 cm
359
D37_C223
500x
25 μm
360
D37_C223
150x 150x
500x 500x
scan
100 μm
200 μm
100 μm
40x 40x
200 μm
100 μ
25 
Clast Density = 0.66 g/cm3 
Clast Vesicularity = 72.7%
BND = 2.92 108 /cm3
BNDcorr = 1.07 x 109 /cm3
0.5 cm
361
D37_C223
500x
25 μm
362
D37_C617
40x 40x
150x
Clast Density = 0.22 g/cm3 
Clast Vesicularity = 91.0%
BND = 1.73 108 /cm3
BNDcorr = 1.92 x 109 /cm3
500 μm
150x
100 μm
150x
40x
scan
200 μm
100 μm
0.5 cm
363
D37_C617500x
20 μm
20 μm
364
D37_C617
40x 40x
150x
Clast Density = 0.22 g/cm3 
Clast Vesicularity = 91.0%
BND = 1.73 108 /cm3
BNDcorr = 1.92 x 109 /cm3
500x500x
150x
scan
200 μm
100 μm
25 μm
0.5 cm
365
D37_C617
500x
25 μm
366
D46_C171
40x 40x
40x 150x
scan
Clast Density = 0.41 g/cm3 
Clast Vesicularity = 83.1%
BND = 3.26 x 108 /cm3
BNDcorr = 1.93 x 109 /cm3
150x 150x
100 μm
0.5 cm
200 μm
100 μm
367
D46_C171
500x
25 μm
25 μm
368
D46_C171
40x 40x
150x 150x
scan
500x 500x
100 μm
200 μm
100 μm
25 μm
0.5 cm
Clast Density = 0.41 g/cm3 
Clast Vesicularity = 83.1%
BND = 3.26 x 108 /cm3
BNDcorr = 1.93 x 109 /cm3
369
D46_C171
500x
25 μm
370
D22_C58
150x
150x150x
40x
scan
Clast Density = 0.64 g/cm3 
Clast Vesicularity = 73.4%
BND = 1.61 x 108 /cm3
BNDcorr = 6.04 x 108 /cm3
200 μm
100 μm
40x40x
0.5 cm
371
D22_C58
500x
25 μm25 μm
372
40x
D22_C58
150x
40x
scan
Clast Density = 0.64 g/cm3 
Clast Vesicularity = 73.4%
BND = 1.61 x 108 /cm3
BNDcorr = 6.04 x 108 /cm3
150x
100 μm
200 μm
0.5 cm
373
D22_C58
500x
25 μm
374
HV_S3_C5
40x
Clast Density = 0.55 g/cm3 
Clast Vesicularity = 76.9%
BND = 1.10 x 108 /cm3
BNDcorr = 4.76 x 108 /cm3
150x150x
40x
scan
0.5 cm
100 μm
200 μm
375
HV_S3_C5
500x
25 μm
376
HV_S3_C5
40x
Clast Density = 0.55 g/cm3 
Clast Vesicularity = 76.9%
BND = x.xx x 10x /cm3
BNDcorr = x.xx x 10x /cm3
150x150x
40x
scan
100 μm
200 μm
0.5 cm
377
HV_S3_C5
500x
25 μm
378
TFP_3
150x 150x
scan
100 μm
Clast Density = 0.96 g/cm3 
Clast Vesicularity = 60.0%
BND = 9.33 x 107 /cm3
BNDcorr = 2.33 x 108 /cm3
40x 40x
200 μm
100 μm
0.5 cm
379
TFP_3
150x
20 μm
100 μm
380
TFP_3
500x
20 μm
25 μm
381
TFP_3
150x 150x
scan
100 μm
40x 40x
Clast Density = 0.96 g/cm3 
Clast Vesicularity = 60.0%
BND = 9.33 x 107 /cm3
BNDcorr = 2.33 x 108 /cm3
200 μm
100 μm
0.5 cm
382
TFP_3
500x
20 μm
25 μm
383
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Appendix B 
Correcting FOAMS (version 1.0.2b) Output Data 
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This thesis research utilized the free Matlab®-based program FOAMS (Fast Object 
Acquisition Measurement System) developed by Shea et al. [2010a] to perform the 
stereological conversion method outlined in Sahagian and Proussevitch [1998]. The 
development and publication of FOAMS coincided with this PhD research and therefore 
over the course of my PhD research has undergone several upgrades and modifications 
by the developer (T. Shea) to fix bugs found by users. The version of the FOAMS 
program used for this PhD research was 1.0.2b, the output data of which was not 
without errors, therefore the output data was corrected using the equations outlined in 
Sahagian and Proussevitch [1998]. To double check that the method used to correct the 
FOAMS output data was correct, I back-checked my corrected FOAMS data to output 
data using the spreadsheet method developed in Adams [2005], using spreadsheets that 
were kindly provided by B. Houghton in 2008. The primary error associated with 
FOAMS version 1.0.2b [Shea et al., 2010a] is the output of negative values for Nv 
(Number Volume), Volume Fraction, Adjusted Volume Fraction, and Cumulative 
Volume Fraction in the ‘Calc_out’ output files. The FOAMS version 1.0.2b output errors 
have been discussed with the author (T. Shea) and are being corrected for in the newer 
versions of FOAMS. The following is a summary of the errors in FOAMS version 1.0.2b 
and how the data corrections were applied for this thesis. See Chapter 2 for a detailed 
description of the stereological conversion method of Sahagian and Proussevitch [1998] and 
the use of the FOAMS program.  
 The FOAMS program analyses the area of 2D objects in images and bins the 
data in a series of numerical (vs. linear or exponential) bin sizes. Erroneous negative NV 
(Number Volume) output values in various bins were found to be due to that bin size 
lacking data. When a negative NV value occurs in the smallest bin sizes (before the first 
positive NV value occurs), it is because no bubbles occur for that bin size of that volume, 
even though the data shows bubbles are represented at that area. The stereological 
conversion method that FOAMS is build on [Sahagian and Proussevitch, 1998] involves 
probability distributions for intersecting a polydisperse system of spheres in order to 
convert 2D areas to 3D volumes. There is a lower probability of randomly cutting a 
sphere along its widest diameter (it’s great circle) than there is of cutting a sphere 
somewhere along a smaller diameter. The 2D to 3D conversion of Sahagian and 
Proussevitch [1998] is an iterative process, therefore it discounts larger vesicles cut at less 
than their maximum diameter, which would otherwise be counted as whole vesicles 
belonging to the smaller size class (i.e., the iteration removes all but the largest cuts of 
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each actual particle size). Therefore small bubble areas most likely represent (bubbles 
with larger ‘great circle’ areas, and corresponding larger volumes. Since the conversion 
from 2D to 3D is an iterative processes the output data assigns a bubble binned to a size 
class in area to be binned in a larger size class for volume, sometimes leaving the volume 
data for smaller bin sizes empty. The error in the FOAMS output is that it reports these 
empty NV bins as negative numbers when it should output them as zero values.  
 This is seen in Eqn (8) of Sahagian et al [1998], where the numerator is: (α (largest 
bin)*NA (smallest bin) – α (second largest bin)*NA (second smallest bin) - … etc). 
Negative NV outputs for the smallest bin sizes occur because the NA values do not 
decrease with increasing bin size for the smallest bin sizes (due to the non-power law 
relationship of smallest size bubbles). This is exemplified on an NA vs. L plot (Figure 
2.12) as NA values increase from the smallest bin to approximately 10 µm then decrease 
from 10 µm to the largest bubble diameter. Because of the successive subtractions of 
these increasing NA values in the denominator, eventually a negative number is produced. 
To rectify this, I created a column beside the NV output column in the FOAMS 
‘Calc_out’ output file in which I change all negative NV values to zero for small bin sizes 
(the ‘corrected NV column’). Data from this column is used in all subsequent calculations 
and resulting plots. 
 When a negative output occurs in a bin size which is preceded by a positive 
output, it is because that bin contains no data (i.e. 0 for NA) in which case the first term 
inside the brackets of the denominator of the NV equation is zero (i.e. NA (smallest bin)). 
To rectify this I make the second term in the brackets of the denominator positive 
instead of negative. This essentially gets rid of the first ‘zero’ term that everything is 
subtracted from. In other words, I change all these negative NV FOAMS outputs to 
positive values in the newly created data column. The sum of the NV values in the newly 
created ‘corrected NV column’ now gives the bubble number density value (BND). 
Changes using the same principle are made for the Volume Fraction ‘Calc_out’ FOAMS 
output negative output data as were used for the Nv negative outputs. 
 The Volume Fraction data output data from FOAMS version 1.0.2b is reported 
normalised to the density-derived vesicularity of the pyroclast, not to 1.0 as per the 
definition of a volume fraction. In order to compare data between different samples, or to 
get data for regions of a heterogeneous sample, the FOAMS instilled normalisation of 
bubble sizes to the density derived vesicularity was be removed and data in this thesis is 
reported normalised to 1.0. 
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Appendix C 
Assessment of Density Measurement Reproducibilities and 
Uncertainties 
 
 
Supplementary Material for Barker et al. [2012 (Chapter 3)] 
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Here we report the reproducibility of the technique used to measure densities of 16-32 mm size 
fraction clasts and uncertainties introduced in slight adjustments to the method. All clasts were 
coated with a silicone waterproofing spray to prevent water ingress during measurement. For 
clasts with fine-grained vesicle textures the spray was adequate in preventing water ingress. 
Reproducibility of the density measurements was determined by repeatedly measuring the 
density of clasts with vesicles <1 mm diameter for which Parafilm™ coating was not necessary 
(Table D1). The results show an average variation of <0.01 g/cm3 and maximum variation of 
0.03 g/cm3, close to the repeatability for the balance used (+ 0.01 g).  
 For samples with open vesicles >1 mm in diameter exposed at the surface, an additional 
barrier of wax polymer laboratory film (Parafilm™) was applied. The reasons for coating clasts 
with Parafilm™ wax were two-fold. Firstly, a wax coating on the exterior of the clast acts as a 
barrier to the ingestion of water into the interior of the clast upon submergence and 
measurement. Secondly, the wax creates a seal over exposed vesicles and therefore allows that 
portion of the vesicle to be included in the measurement. To assess the uncertainty introduced 
by not coating clasts with large open vesicles, measurements were undertaken with and without 
wax (Table D1). The results show clasts coated with wax have lower densities than those where 
spray alone is used (by an average of 0.01 g/cm3 and maximum of 0.03 g/cm3).  The higher 
density of clasts without wax reflects the observed inability of the spray alone to prevent water 
partially entering large open vesicles, thus yielding an artificially low volume for the clast and 
consequent higher density. To assess the uncertainty introduced in applying wax coating, several 
clasts, which would otherwise not need a wax coating, were measured with and without wax 
(Table D1). The results show a slight decrease in the apparent density by an average of <0.01 
g/cm3 and a maximum of 0.03 g/cm3 for clasts wrapped in wax, interpreted to be due to the 
trapping of air between the wax and the clast. With increasing angularity there is a higher chance 
of trapping air between the clast and the wax, as the wax is harder to mould to the sharp edges. 
However, in all cases density variations were smaller than the chosen histogram bin size of 0.05 
g/cm3. Therefore it can be assumed that uncertainty arising from reproducibility and adjustments 
in the method will at most affect the density frequency histograms by one bin and would have 
little effect on the overall shape of the resulting histograms. 
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Table C.1. Reproducibility of density measurements   
Low density clasts measured w/ballast, vesicles <1mm   
Clast no. Method n ρavg (g/cm3) ρmin (g/cm3)   ρmax (g/cm3)  
1 Silicone spray 5 0.40 0.40 0.40 
2 Silicone spray 5 0.45 0.45 0.45 
3 Silicone spray 5 0.42 0.42 0.42 
4 Silicone spray 5 0.44 0.43 0.44 
5 Silicone spray 5 0.56 0.56 0.56 
6 Silicone spray 5 0.25 0.24 0.25 
7 Silicone spray 5 0.41 0.41 0.41 
8 Silicone spray 5 0.39 0.39 0.40 
9 Silicone spray 5 0.41 0.41 0.41 
10 Silicone spray 5 0.34 0.34 0.34 
High density clasts measured w/o ballast, vesicles <1mm  
Clast no. Method n ρavg (g/cm3) ρmin (g/cm3)   ρmax (g/cm3)  
11 Silicone spray 5 1.01 1.01 1.01 
12 Silicone spray 5 1.20 1.19 1.21 
13 Silicone spray 5 1.14 1.13 1.14 
14 Silicone spray 5 1.54 1.53 1.56 
15 Silicone spray 5 1.17 1.16 1.18 
Low density clasts with open vesicles >1mm   
Clast no. Method n ρavg (g/cm3) ρmin (g/cm3) ρmax (g/cm3)  
16 Wax film 5 0.34 0.34 0.34 
16 Silicone spray 2 0.37 0.37 0.37 
17 Wax film 5 0.32 0.32 0.32 
17 Silicone spray 2 0.35 0.34 0.35 
18 Wax film 5 0.29 0.28 0.29 
18 Silicone spray 2 0.31 0.31 0.31 
19 Wax film 5 0.21 0.21 0.22 
19 Silicone spray 2 0.24 0.24 0.25 
20 Wax film 5 0.30 0.30 0.30 
20 Silicone spray 2 0.33 0.33 0.34 
Low density clasts with open vesicles <1mm   
Clast no. Method n ρavg (g/cm3) ρmin (g/cm3)   ρmax (g/cm3)  
21 Silicone spray 5 0.25 0.25 0.25 
21 Wax film 2 0.24 0.24 0.24 
22 Silicone spray 5 0.40 0.40 0.40 
22 Wax film 2 0.37 0.37 0.37 
23 Silicone spray 5 0.42 0.42 0.42 
23 Wax film 2 0.41 0.41 0.41 
24 Silicone spray 5 0.36 0.36 0.36 
24 Wax film 2 0.36 0.35 0.36 
25 Silicone spray 5 0.27 0.27 0.27 
25 Wax film 2 0.27 0.27 0.27 
n= number of repeated measurements, ρ= density  
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Appendix D 
Whole Rock XRF Data for Samples and Standards in 
Chapter 3 
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Appendix F 
Representative Pyroclast Images for Chapter 5 
 
 
 
 
Supplementary Material for Rotella et al. [2013b (Chapter 5)] 
 
 
 
 
 
 
 
 
 
437
For Homogeneous Vesicularity Samples (first two pages): 
Left: Thin section images taken with a flatbed scanner in transmitted light. Clast density 
(ρ) measured by water immersion [Houghton and Wilson, 1989], vesicularity (ves) calculated 
assuming a dense rock equivalent of 2.4 g/cm3 [Klug et al., 2002; Barker et al., 2012a 
(Chapter 3)]. Middle and Right: Representative nested backscattered electron images 
taken on a JEOL JXA-8230 electron microprobe at Victoria University of Wellington. 
For dredged clasts ‘D’ refers to the dredge number and ‘C’ refers to the clast number. 
Samples TFP_3 and RI08_P07_C21 are of Taupo and Raoul volcano floated pumice 
dome carapace, respectively. Sample MI07_P01_C11 is Sandy Bay Tephra from 
Macauley Island. 
 
For Samples with a Gradient in Vesicularity (next six pages): 
Top: Thin section images taken with a flatbed scanner in transmitted light. Clast density 
(ρ) measured by water immersion [Houghton and Wilson, 1989], vesicularity (ves) calculated 
assuming a dense rock equivalent of 2.4 g/cm3 [Klug et al., 2002; Barker et al., 2012a 
(Chapter 3)]. Bottom: Representative nested backscattered electron images for each 
lettered region taken on a JEOL JXA-8230 electron microprobe at Victoria University of 
Wellington. For dredged clasts ‘D’ refers to the dredge number and ‘C’ refers to the clast 
number. 
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Appendix G 
Density/Vesicularity Histograms for Clasts from 
Raoul Volcano and Submarine Dredged Clasts from 
Macauley Volcano Not Shown in Thesis 
 
 
 
 
 
 
 
 
 
 
447
Density/vesicularity histograms for 16-32 mm clasts from six eruptions of Raoul volcano 
and seafloor dredged clasts from around Macauley volcano showing where clasts were 
chosen for thin sectioning and analyses across the range in density. Histograms are 
reproduced from Barker et al. [2012 (Chapter 3)]. The dotted red and dashed blue lines 
represent the average density of pumice from all Raoul volcano dry-type eruptions and 
the Green Lake floated pumice respectively (see Barker et al. [2012 (Chapter 3)]). Grey 
zone marks 65-75% vesicularity corresponding to the ‘pivotal vesicularity’ range of Rotella 
et al. [2013a (Chapter 4)]. Stars show where representative samples were chosen for 
textural analysis. White stars are clasts for which thin sections were made but 
backscattered images were not taken. Grey stars are clasts for which thin sections were 
made and backscattered electron images were taken but not quantified, red stars are 
samples which were quantified. n = number of clasts measured for density. Histograms 
for Healy, Raoul SW and Havre volcanoes can be found in Chapter 6, and the Taupo 
floated pumice in Rotella et al. [2013a (Chapter 4)]. See Barker et al. [2012 (Chapter 3)], 
Rotella et al., [2013a (Chapter 4)] and Rotella et al., [2013b (Chapter 5)] for other details. 
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Geochemistry and Petrogenesis of Silicic Magmas
in the Intra-Oceanic Kermadec Arc
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ADVANCE ACCESS PUBLICATION NOVEMBER 11, 2012
The geochemistry of pyroclasts sampled from four volcanoes along the
Kermadec arc in the SW Pacific is used to investigate the genesis of
silicic magmas in a young (52 Myr), archetypical intra-oceanic arc
setting. Raoul, Macauley and Raoul SW volcanoes in the northern
Kermadec arc, and Healy volcano in the southern Kermadec arc
have all recently erupted dacitic to rhyolitic crystal-poor pumice. In
addition to whole-rock analyses, we present a detailed study of min-
eral and glass chemistries to highlight the complex structure of the
Kermadec magmatic systems. Major and trace element bulk-rock
compositions mostly fall into relatively narrow compositional ranges,
forming discrete groups by eruption for Raoul, and varying with rela-
tive crystal contents for Healy. In contrast, pumices from Macauley
cover a wide range of compositions, between 66 and 72·5 wt %
SiO2. At all four volcanoes the trace element patterns of pumice are
subparallel to both those of previously erupted basalts and/or whole
mafic blebs found both as discrete pyroclasts and as inclusions
within pumices. Pb and Sr isotopic compositions have limited
ranges within single volcanoes, but vary considerably along the arc,
being more radiogenic in the southern volcanoes. Distinctive crystal
populations and zonation patterns in pumices, mafic blebs and plu-
tonic xenoliths indicate that many crystals did not grow in the evolved
magmas, but are instead mixed from other sources including gabbros
and hydrothermally altered tonalites. Such open-system mixing is
ubiquitous at the four volcanoes. Oxygen isotope compositions of
both phenocrysts (silicic origin) and xenocrysts or antecrysts
(mafic origin) are typical for mantle-derived melts. Whole-rock,
glass and mineral chemistries are consistent with evolved magmas
being generated at each volcano through 70^80% crystal fraction-
ation of a basaltic parent. Our results are not consistent with silicic
magma generation via crustal anatexis, as previously suggested for
these Kermadec arc volcanoes. Although crystallization is the domin-
ant process driving melt evolution in the Kermadec volcanoes, we
show that the magmatic systems are open to contributions from both
newly arriving melts and wholly crystalline plutonic bodies. Such
processes occur in variable proportions between magma batches, and
are largely reflected in small-scale chemical variations between erup-
tion units.
KEY WORDS: fractional crystallization; Kermadec; magma mixing;
oceanic arc, anatexis
I NTRODUCTION
The eruption of silicic magmas (dacite or rhyolite;463 wt
% SiO2) is widely recognised as a prominent feature of
intra-oceanic arc systems (e.g. Devine, 1995; Leat et al.,
2003; Smith et al., 2003a, 2003b, 2006; Wright et al., 2003,
2006; Shukuno et al., 2006; Tani et al., 2008; Tamura et al.,
2009). In contrast to continental settings, the oceanic arc
crust is generally thinner and mafic in composition, and
the ascending magmas have less opportunity to stall
*Corresponding author.Telephone: (þ64) 4 463 9510. Fax: (þ64) 4 463
5186. E-mail: smnbarker@gmail.com
 The Author 2012. Published by Oxford University Press. All
rights reserved. For Permissions, please e-mail: journals.permissions@
oup.com
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and differentiate (Tatsumi & Eggins, 1995). Important
questions therefore arise as to how significant volumes of
silicic magmas are produced, stored, and erupted in intra-
oceanic arc settings.
In general, there are two end-member processes that can
generate silicic magmas in oceanic arcs: (1) polybaric frac-
tional crystallization, involving a range of different min-
eral phases, depending on pressure and composition (e.g.
Sisson & Grove, 1993; Devine, 1995; Pearce et al., 1995;
Grove et al., 2003; Sisson et al., 2005; Wade et al., 2005;
Haase et al., 2006, 2011; Brophy, 2008); (2) partial melting
(anatexis) of pre-existing crust, which could be either a
protolith of hornblende-rich diorite to granodiorite in the
mid- to upper crust (e.g. Tamura & Tatsumi, 2002; Vogel
et al., 2004; Shukuno et al., 2006; Tamura et al., 2009) or a
lower crustal mafic amphibolite (e.g. Smith et al., 2003a,
2003b, 2006, 2010; Vogel et al., 2006; Deering et al., 2007).
The relative importance of these two end-member pro-
cesses in the generation of silicic magmas remains unclear,
as the two processes are difficult to distinguish geochemi-
cally. In intra-oceanic arcs the dominant lower crustal
lithologies are mainly mafic cumulates, gabbros and pos-
sibly amphibolite, with chemical and isotopic characteris-
tics similar to those of their parental mantle-derived melts
(Greene et al., 2006; Brophy, 2008). This has made discrim-
ination of fractional crystallization versus crustal melting
models difficult, and studies of the same arcs have pro-
posed contrasting views (e.g. South Sandwich arc: Pearce
et al., 1995; Leat et al., 2003; Izu^Bonin^Mariana arc:
Wade et al., 2005; Tamura et al., 2009). Brophy (2008), how-
ever, recently demonstrated that partial melting of
amphibole-bearing crustal rocks should yield distinctive
rare earth element (REE) patterns, and that REE patterns
indicative of amphibolite melting are relatively uncommon
in global examples of oceanic arc volcanoes.
The Kermadec arc (SW Pacific; Fig. 1) is an archetypical
intra-oceanic arc where both amphibolite melting and
fractional crystallization have been proposed to be primar-
ily responsible for generating silicic magmas at single vol-
canoes. Smith et al. (2003a, 2003b, 2006, 2010) proposed
that the absence of intermediate magmas, and large vol-
umes of erupted silicic magmas and their aphyric nature
in the northern Kermadec arc required an amphibolite
melting model to produce such patterns of magmatism. In
contrast, Haase et al. (2006) and Saunders et al. (2010) sug-
gested that silicic magmas in the southern Kermadec arc
could be produced by fractionation from a basaltic parent
on the basis of major and trace element modelling. Here
we present new petrological, geochemical and isotopic
data from four volcanoes along the Kermadec arc to reas-
sess silicic magma generation processes. In addition to
bulk-rock analyses, in situ mineral and glass chemistry are
used to investigate pre-eruptive magma storage conditions
and to provide insights into the magmatic processes that
produced the observed bulk-rock chemistry variations.We
use these data, combined with the approach of Brophy
(2008), to show that silicic melt generation in the Ker-
madec arc is primarily driven by open-system fractional
crystallization, and that models involving crustal anatexis
are not necessary to explain the observed compositional
variations.
GEOLOGICAL SETT ING AND
SAMPLE COLLECT ION
The Kermadec arc and associated HavreTrough represent
the southern,1200 km long section of theTonga^Kermadec
subduction system, associated with Pacific^Australian
intra-oceanic plate convergence to the NE of New Zealand
(Wright, 1993; Smith & Price, 2006; Fig. 1). The Kermadec
arc consists dominantly of submarine volcanoes, with only
Raoul, Macauley, Curtis and L’Esperance volcanoes
being partially emergent (Fig. 1). The presence of silicic
volcanism along the arc has long been recognised from
subaerial deposits (e.g. Lloyd & Nathan, 1981; Lloyd et al.,
1996). However, not until detailed bathymetric mapping
and submarine sampling was undertaken was it recognised
that caldera-related, explosive silicic volcanism is wide-
spread (Gamble et al., 1993; Wright, 1994, 1996, 1997;
Wright & Gamble, 1999; Haase et al., 2002, 2006; Wright
et al., 2002, 2003, 2006; Graham et al., 2008). Similar to
other oceanic arc systems (e.g. Izu^Bonin: Tamura & Tat-
sumi, 2002; South Sandwich: Leat et al., 2003), the erupted
compositions show a bimodal distribution, with andesite
being a relatively minor component volumetrically
(Tamura & Wysoczanski, 2006).
The 2004 and 2007 research voyages of the R.V.Tangaroa
(NZAPLUME III and TAN0706, respectively) sampled
eruptive materials from four Kermadec volcanoes. Three
of these (Healy, Macauley and Raoul; Fig. 1) have erupted
silicic magmas within the last 10 kyr with associated cal-
dera collapse (Lloyd & Nathan, 1981; Smith et al., 1988,
2003a, 2006; Lloyd et al., 1996; Worthington et al., 1999;
Wright et al., 2003, 2006). In addition, opportunistic dred-
ging at a fourth, newly discovered caldera volcano SW of
Raoul Island recovered silicic pumice of unknown age
but exceptional freshness. A brief geological summary of
each volcano follows and a full sample list is presented in
Electronic Appendix A (the electronic appendices are
available for downloading at http://www.petrology.oxford
journals.org).
Raoul volcano
Raoul is the northernmost emergent volcano in the
Kermadec arc (Fig. 1). Raoul Island is the 30 km2 emer-
gent portion of a4200 km3 edifice that rises 900m from
its base on the Kermadec ridge. Although the subaerial
edifice of Raoul volcano is predominantly mafic in com-
position, in the past 4 kyr it has mainly produced dacitic
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eruptions, associated with development of two calderas
(Lloyd & Nathan, 1981; Worthington et al., 1999; Fig. 2a
and b). Pumices and xenoliths were collected from fall de-
posits of the large caldera-related eruptions (Matatirohia,
Oneraki, Fleetwood) in coastal exposures, and from
localized fall deposits from the two youngest cone-forming
eruptions (Green Lake, Rangitahua) from within Raoul
caldera (Fig. 2b). In addition, we collected samples from a
newly discovered unit of floated pumice blocks incorpo-
rated in lake sediments below the Green Lake Pumice
deposit (Barker et al., 2012).
Raoul SW volcano
EM300 multibeam mapping near Raoul Island in 2007
identified a previously unknown caldera volcano that
Barker et al. (2012) informally named Raoul SW (Figs 1
and 2a). Raoul SW volcano has a 4 km diameter caldera,
with a floor depth of 1200m and caldera walls reaching
500m high (Fig. 2a). Dredging of the volcano recovered
a suite of exceptionally fresh pumice clasts, which, coupled
with the pristine volcano morphology, are taken to be the
product of recent explosive volcanism.
Macauley volcano
Macauley Island is the 3 km2 emergent portion of a large
submarine volcano (Lloyd et al., 1996; Fig. 2c). The island
is constructed dominantly of basaltic lavas and pyroclastic
deposits, punctuated by deposition of dacitic ignimbrite
during the 6·3 14C ka Sandy Bay eruption (Brothers &
Martin, 1970; Lloyd et al., 1996; Smith et al., 2003a).
Immediately NWof Macauley Island is the large, roughly
circular 11km 8 km Macauley caldera (Fig. 2c), inter-
preted to be formed during the Sandy Bay eruption
(Latter et al., 1992; Lloyd et al., 1996; Smith et al., 2003a),
although Barker et al. (2012) presented evidence for the cal-
dera being a composite feature. Pumice clasts and xeno-
liths were sampled from the subaerial Sandy Bay Tephra,
and by dredging around the submarine volcano flanks
and caldera rim (Fig. 2c).
Healy volcano
Healy is a composite volcanic complex consisting of a cen-
tral edifice with a smaller caldera (1·3 km) on its upper
SW flank and a 2 km diameter caldera on the NE, mid-
to lower flank (Wright & Gamble, 1999; Fig. 2d). The
outer flanks of the volcanic complex, caldera floors and
walls, and the main edifice are mantled with pumice
deposits over450 km2 (Wright & Gamble, 1999; Wright,
2001; Wright et al., 2003). The eruptive sequences at Healy
are, however, unknown as only dredge samples are avail-
able. Samples from Healy were acquired by dredging
inside the caldera, and down the central edifice flanks on
both the NWand SE sides of the volcano (Fig. 2d).
ANALYT ICAL TECHNIQUES
A summary of the analytical techniques is provided below.
Further details and standards data are given in Electronic
Appendix B.
Sample preparation
Most clasts chosen for analysis were large enough that all
surface material could be removed, retaining only the
fresh interior material, which was then crushed to515mm
chips so that ‘large’ mafic inclusions and xenocrysts could
be recovered. Seawater contamination was removed by
repeated cleaning by boiling in Milli-Q (418·2M)
water until there was no remaining salt, tested by using
the silver nitrate technique of Tani et al. (2003). Up to
120 g of cleaned dried material was then further crushed
to 1^2mm in a jaw crusher, of which 30 g was powdered
Fig. 1. Regional tectonic setting of theTonga^Kermadec arc. Relative
Pacific^Australian plate motions (mm a^1) shown by arrows are from
Wallace et al. (2009), after DeMets et al. (1994). Spreading axis
marked by black dashed line in the Havre Trough and Lau Basin is
fromWysoczanski et al. (2010). Modern Taupo Volcanic Zone (TVZ)
dashed grey outline is from Wilson et al. (1995). The Hikurangi Fan
Drift marks the direction of sediment drift into the Kermadec trench
(from Carter et al., 1996). The four volcanoes investigated in this
study are marked by open circles.
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in an agate Tema swing mill and used for whole-rock
major, trace element and isotopic analyses.
Whole-rock major and trace
element analysis
Major element data were measured by X-ray fluorescence
(XRF) spectrometry.Whin Sill Dolerite (WS-E) and G94
(micro-granite) were measured at the beginning and end
of each analytical run as internal standards. Two standard
deviation (2 SD) analytical reproducibility, determined by
10 replicate analyses of the same standards, is generally
51^3 relative %. Average values are accurate to within
51^2% of the recommended values.
Trace element analyses were carried out by solution in-
ductively coupled plasma mass spectrometry (ICP-MS)
using methods similar to those of McCoy-West et al.
(2010). 43Ca was used to perform an internal correction, as
CaO concentrations were known to 1% from XRF.
Diluted sample solutions were analysed using an Agilent
7500CS ICP-MS system at Victoria University of
Wellington (VUW). Total procedural blanks were within
background levels on all measured elements. Abundances
of single trace elements were calculated by external nor-
malization relative to a bracketing standard (BHVO-2),
which was prepared and analysed under identical condi-
tions to the samples. Approximate 2 SD analytical preci-
sions derived from 13 replicate analyses of a secondary
standard (BCR-2) are 55% for most trace elements
(exceptions are Zn 8·5%, Cu 8·8%, Cs13·1%,
Pb13·7%, Ta15·6% and Mo 43·4%). Most BCR-2
trace element analyses are accurate to 5 % (most are
51%), apart from Li, Cr and Ni, which are 10%.
Whole-rock Pb and Sr isotope analysis
Pb and Sr were chemically separated from samples in class
10 laminar flow hoods. Samples underwent leaching for
1h in 1M HCl at 1208C to remove anthropogenic Pb, and
Sr contamination from seawater, prior to digestion
Fig. 2. Seafloor bathymetry, sample dredge sites and subaerial sample locations for the four volcanoes investigated. Dashed lines outline
Denham and Raoul calderas. Bathymetry is from R.V.Tangaroa EM300 multibeam mapping (white areas lack multibeam data). Dredge loca-
tions are shown by light grey lines and labelled by dredge number. [Note the change in scale for map (d).]
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(adapted from Millet et al., 2008). Pb was separated using
anion exchange techniques by eluting the sample matrix
with 0·8M HBr and collecting Pb in 7M HCl. Sr was
separated by a double pass through Eichrom Sr specific
resin and collected in Milli-Q water. Isotopic ratios were
measured by multi-collector (MC)-ICP-MS using a
Nu-Plasma system at VUW, coupled to a desolvating
nebulizer system (DSN-100). Pb isotope measurements
were corrected for instrumental mass bias and drift by
sample-standard bracketing using NBS-981. Two standard
error (2 SE) internal precisions of 206Pb/204Pb,
207Pb/204Pb and 208Pb/204Pb ratios were 5 0·0006,
0·0005 and 0·0013, respectively. Pb isotope ratios are
reported relative to 206Pb/204Pb¼16·9416, 207Pb/204Pb¼
15·5000 and 208Pb/204Pb¼ 36·7262 for NBS-981 (Baker
et al., 2004). Repeat analyses of multiple digestions of the
secondary standard JB-2 are within analytical error of the
reference values from Baker et al. (2004). External reprodu-
cibility estimated from replicate digestions and analyses of
JB-2 is 69 ppm for 206Pb/204Pb, 143 ppm for 207Pb/204Pb
and 197 ppm for 208Pb/204Pb (2 SD; n¼ 5). Sr isotope meas-
urements were corrected by internal normalization to
86Sr/88Sr¼ 0·1194 and instrumental drift was corrected by
sample-standard bracketing using SRM-987. Internal pre-
cisions (2 SE) of 87Sr/86Sr ratios were5 0·000015. Sr iso-
tope ratios are reported relative to 87Sr/86Sr¼ 0·710248 for
SRM-987. Analysis of the secondary standard BHVO-2 is
within analytical error of the recommended reference
values (87Sr/86Sr¼ 0·703474: GEOREM database:
www.georem.mpch-mainz.gwdg.de).
In situ mineral and glass major and trace
element analysis
Mineral major element and glass analyses were undertaken
on a JEOL JXA 8230 electron probe microanalyser
(EPMA) at VUW using wavelength-dispersive spectrom-
etry techniques. Calibrated international standards were
analysed as unknowns to monitor instrumental drift and
the precision and accuracy of the analyses. Approximate
2 SD analytical precisions calculated from repeated ana-
lysis of calibration standards are generally55% for oxides
that occur in concentrations41 wt %. For lower concen-
tration oxides, precision degrades with decreasing relative
concentration.
Trace element analyses were measured in situ using a
NewWave deep UV laser (193 nm solid state) coupled to
the same Agilent ICP-MS system as used for solution
whole-rock trace element analyses. The laser ablation
(LA)-ICP-MS data acquisition technique used 43Ca as
the internal standard for secondary data normalization,
which had previously been determined to 5% by
EPMA. Abundances of single trace elements were calcu-
lated relative to a bracketing standard (BCR-2G or NST
612), which was analysed under identical conditions
throughout the analytical sessions. Using the same
instrument and techniques, Allan et al. (2008) calculated
approximate 2 SD analytical precisions of 510% and
accuracies of55% for most trace elements.
Stable oxygen isotope analysis
Pristine minerals previously analysed by EPMA and
LA-ICP-MS were extracted from epoxy mounts and
cleaned in sulphuric acid and Milli-Q to remove adhering
epoxy. Oxygen was extracted from minerals for isotope
analysis by laser fluorination (Sharp, 1990) with a 10·3 mm
CO2-laser and BrF5 oxidation at GNS Science, Lower
Hutt, New Zealand. Samples were evacuated for 24 h
and left overnight in a vapour of BrF5. Blank BrF5 analyses
were performed until the oxygen yield was 52 mmol.
Oxygen extracted from the samples was passed through a
fluorine-getter before it was converted to CO2 by a graph-
ite furnace, yields were recorded, and the gas was analysed
on a Geo20-20 mass spectrometer. All oxygen isotope
values are reported in permil (ø) relative to Vienna
Standard Mean Ocean Water (V-SMOW). Samples were
normalized to international quartz standard NBS-28,
using a value of þ9·6ø. Values for four NBS-28 and
UWG-2 standards analysed with the samples had values
that varied by50·15ø.
RESULTS
Sample characteristics and major
element chemistry
Raoul volcano
Pumices from Raoul volcano are generally highly vesicu-
lar, and partially to wholly oxidized. Exceptions to this
are the Green Lake floated pumice and Rangitahua erup-
tion deposits, which comprise non-oxidized pumice clasts
with a wide range of vesicularities (10^80 vol. % vesicles)
(Barker et al., 2012). Most clasts contain53^5 vol. % crys-
tals, dominantly plagioclase, with lesser clinopyroxene,
orthopyroxene and magnetite. Trace amounts of olivine
occur in the Matatirohia and Fleetwood samples, and
trace amounts of quartz occur in the Oneraki, Green
Lake and Rangitahua samples. In addition, sparse (51^2
vol. %) sub-spherical, dark grey mafic inclusions (gener-
ally55mm, rarely 2^3 cm) are found in the Matatirohia,
Oneraki and Fleetwood pumices (Fig. 3a and b). Rare
51cm inclusions of white crystalline material are found in
Oneraki, Green Lake and Rangitahua pumices (Fig. 3b).
The Raoul eruptions investigated in this study plot
within the published fields of whole-rock major element
data (Smith et al., 2006, 2010), but are more tightly grouped
for single eruptions, possibly because of our systematic re-
moval of mafic inclusions. The data generally define linear
trends, with Rangitahua samples being the least evolved
(66^67 wt % SiO2) and the Green Lake floated pumice
the most evolved (69^70 wt % SiO2) (Fig. 4a).
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Macauley volcano
Pumice clasts from the Sandy Bay Tephra are pale to
mid-grey^brown and highly vesicular (Barker et al., 2012),
containing 52^3 vol. % crystals, dominated by larger
(typically 0·5^1mm) euhedral plagioclase and clinopyrox-
ene, with smaller (50·5mm) orthopyroxene and Fe^Ti
oxides. Large olivine crystals are also sparsely present
(40·5^1mm), as well as sparse mafic inclusions that are
generally small (51^2mm) but can reach up to 2 cm in
diameter. Dredged pumice samples vary considerably in
vesicularity and appearance when compared with the
Sandy Bay Tephra pumices (see Barker et al., 2012, for de-
tails). Dredged pumices are generally crystal poor (51^3
vol. %), with crystal assemblages dominated by plagio-
clase and pyroxene, often represented by crystal clusters
up to 2mm in size. Large (generally51^2mm, but up to
2 cm), pale green clinopyroxenes were also noted in some
pumices from dredge D33.
Whole-rock major element chemistry indicates that mul-
tiple silicic magma types have been erupted from
Macauley volcano (Fig. 4b, Table 1; Barker et al., 2012).
Although prominent in the Macauley subaerial record,
pumices with Sandy Bay pumice compositions form only
a small proportion (four of 34 clasts analysed) of the total
submarine compositional range (Barker et al., 2012).
Subaerial Sandy Bay Tephra pumices analysed in this
study have compositions similar to those reported by
Smith et al. (2003a), at 70^71 wt % SiO2. Macauley
clasts with the most evolved compositions are lower vesicu-
larity, crystal-poor blocky pumices and lava fragments
dredged from the northern caldera rim. There are at least
two other compositional groups within the submarine
dredged pumices, with SiO2 values 69 wt % (Fig. 4b).
The first group shows notably higher TiO2, and is
composed mainly of pumice dredged from the southwes-
tern caldera flank. A single clast analysed byWright et al.
(2006) from the Macauley cone (Fig. 2c) also plots within
this chemical population. The second group shows lower
TiO2 and K2O and is composed mainly of pumice from
the northern caldera flank. Several of these pumice sam-
ples have distinctively high MgO contents corresponding
to higher crystal contents (up to 5 vol. %).
Healy volcano
Pumice recovered from Healy volcano displays a large
variation in physical appearance ranging from white to
dark grey in colour, often with banding (Wright &
Fig. 3. Representative images of inclusions and xenolith types. (a)
Mafic bleb within Matatirohia pumice (Raoul volcano) surrounded
by large open vesicles. (b) White crystalline inclusion and small
fragments of mafic material (outlined by white dotted boxes) within
Oneraki pumice (Raoul volcano). (c) Large euhedral plagioclase
within a mafic inclusion in pumice from Healy volcano. (d) Large
crystalline mafic bleb with adhering pumice from Healy volcano.
(e) Fragment of plutonic tonalite from the Matatirohia deposit.
(f) Friable cumulate gabbroic xenolith from the Matatirohia deposit.
(g) Exterior of a cauliform-textured mafic bleb with adhering white
pumice from the Matatirohia deposit. (h) Exterior of a mafic bleb
from the Matatirohia deposit with large crystals of clinopyroxene
and plagioclase. (i) Thin section (crossed polarizers) of cauliform
mafic bleb in (g) showing a crystalline granular texture and a thin
adhering microcrystalline glass film. Phenocrysts are dominantly
plagioclase and pyroxene, with lesser amounts of olivine and
Fig. 3 Continued
magnetite. (j) Thin section (crossed polarizers) of mafic bleb in (h)
showing a single large plagioclase crystal and smaller crystals of oliv-
ine, pyroxene and plagioclase in a microcrystalline vesiculated
groundmass. (k) Olivine-rich cumulate gabbro xenolith from the
Sandy BayTephra. (l) Close-up of gabbroic xenolith from (k) showing
crystalline granular texture with large high-An plagioclase, Mg-rich
clinopyroxene and olivine.
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Gamble, 1999; Wright et al., 2003; Barker et al., 2012).
Pumices in this study are mostly highly vesicular white- or
grey-type pumices. In addition, multiple large fragments
of lava were recovered from the central Healy edifice and
caldera floor, of which two dark grey fragments from the
caldera floor were analysed for comparison. Pumice crystal
contents vary considerably, with most pumices having
53^5 vol. % crystals, but with several clasts containing
up to 10^15 vol. % crystals.The crystal assemblage is domi-
nated by 51^5mm euhedral plagioclase, with lesser
amounts of clinopyroxene, orthopyroxene, amphibole and
minor amounts of quartz. Small (50·1mm) magnetite and
ilmenite crystals are also common, often in higher concen-
trations in dark coloured or banded pumices. Large but
generally sparse olivine crystals also occur in some pum-
ices. Sparse dark grey mafic inclusions (averaging
51^2mm in size, but reaching up to 2^3 cm) are also pre-
sent in many samples (Fig. 3c and d).
Although visibly diverse, there is little variation in the
major element chemistry of the Healy pumices presented
Fig. 4. Selected major element variation diagrams for pyroclasts from (a) Raoul volcano, (b) Macauley volcano, including subaerial deposits
on Macauley Island (Sandy BayTephra: SBT) and dredge samples grouped by their relative location, and (c) Healy volcano with dredge sam-
ples grouped by their relative location and clast type. (See Fig. 2 for sample locations.) Large filled symbols are from this study; small open sym-
bols are from Smith et al. (2006) for Raoul, Smith et al. (2003a) for Macauley SBT, Wright et al. (2006) for Macauley cone, and Wright &
Gamble (1999) for Healy. All values have been normalized to 100%. (See Electronic Appendix C, Table C1 for raw data, original totals and
LOI values.) Modified from Barker et al. (2012).
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Table 1: Representative major, trace element and isotopic compositions of Kermadec pumices and xenoliths
Sample: RI03_P03 RI06_PC12 RI12_PC08 RI18_PC05 RI26_PC01 RI06_MB02 RI06_R01
Volcano: Raoul Raoul Raoul Raoul Raoul Raoul Raoul
Type: Pumice Pumice Pumice Pumice Pumice Mafic bleb Tonalite
Location: Rangitahua Matatirohia Oneraki GLP Fleetwood Matatirohia Matatirohia
SiO2 66·77 68·24 68·00 69·34 67·98 49·61 71·09
TiO2 0·655 0·487 0·587 0·597 0·613 0·610 0·430
Al2O3 14·57 14·65 14·69 14·10 14·31 18·98 14·04
Fe2O3 6·30 5·48 5·41 5·27 5·90 11·34 4·57
MnO 0·184 0·159 0·162 0·163 0·158 0·190 0·100
MgO 1·650 1·333 1·361 1·133 1·359 5·460 1·110
CaO 5·65 5·43 5·12 4·71 5·16 12·34 4·14
Na2O 3·55 3·53 3·86 3·93 3·74 1·58 4·20
K2O 0·541 0·578 0·656 0·618 0·627 0·160 0·420
P2O5 0·137 0·113 0·156 0·147 0·153 0·050 0·060
LOI 1·21 1·14 1·86 1·40 1·60 0·22 0·02
Total 99·79 99·15 100·43 99·90 100·12 100·10 100·14
Sc 25·8 24·7 20·9 21·8 22·8 44·1 19·4
V 57·3 49·8 32·9 19·9 41·5 356·8 78·1
Cr 2·02 3·01 1·34 1·10 3·43 21·05 2·46
Ni 1·15 1·76 0·99 0·77 1·68 15·81 1·85
Cu 14·28 24·93 10·54 8·60 11·05 104·57 34·46
Zn 96·8 73·8 78·0 80·7 86·6 73·8 52·5
Ga 16·8 16·0 16·1 15·5 15·6 17·1 14·3
Rb 7·96 9·23 10·03 9·21 9·62 2·91 6·16
Sr 182 170 193 172 164 175 112
Y 37·8 36·3 37·4 39·6 38·6 13·1 40·8
Zr 65·0 66·1 75·1 70·9 71·6 23·3 n.d.
Nb 0·536 0·565 0·708 0·589 0·658 0·351 0·913
Mo 2·50 2·47 2·52 2·53 2·02 0·56 0·78
Cs 0·660 0·793 0·741 0·792 0·818 0·222 0·275
Ba 197 194 220 208 204 63 329
La 3·40 3·71 4·80 3·85 4·31 1·34 2·67
Ce 9·76 10·37 13·07 10·81 11·76 3·77 8·58
Pr 1·70 1·78 2·18 1·90 1·99 0·64 1·63
Nd 9·42 9·70 11·57 10·46 10·70 3·50 9·34
Sm 3·44 3·37 3·88 3·68 3·73 1·31 3·57
Eu 1·22 1·09 1·27 1·24 1·19 0·53 0·88
Gd 4·57 4·35 4·87 4·81 4·90 1·75 4·77
Tb 0·855 0·803 0·878 0·912 0·885 0·317 0·921
Dy 6·04 5·76 6·10 6·41 6·20 2·26 6·47
Ho 1·35 1·27 1·34 1·42 1·37 0·50 1·40
Er 4·02 3·90 4·10 4·32 4·13 1·49 4·15
Tm 0·612 0·597 0·613 0·660 0·620 0·225 0·615
Yb 4·14 4·05 4·17 4·52 4·19 1·51 4·06
Lu 0·629 0·612 0·630 0·680 0·639 0·227 0·582
Hf 2·21 2·21 2·49 2·45 2·39 0·97 n.d.
Ta 0·041 0·044 0·054 0·048 0·049 0·021 0·074
(continued)
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Table 1: Continued
Sample: RI03_P03 RI06_PC12 RI12_PC08 RI18_PC05 RI26_PC01 RI06_MB02 RI06_R01
Volcano: Raoul Raoul Raoul Raoul Raoul Raoul Raoul
Type: Pumice Pumice Pumice Pumice Pumice Mafic bleb Tonalite
Location: Rangitahua Matatirohia Oneraki GLP Fleetwood Matatirohia Matatirohia
W 0·382 0·259 0·200 0·284 0·205 0·254 0·265
Pb 12·84 3·05 3·33 3·41 4·44 1·24 1·89
Th 0·447 0·493 0·684 0·510 0·580 0·531 0·492
U 0·204 0·209 0·267 0·223 0·231 0·068 n.d.
206Pb/204Pb n.d. n.d. 18·677 18·665 18·679 18·667 18·687
207Pb/204Pb n.d. n.d. 15·577 15·577 15·581 15·568 15·581
208Pb/204Pb n.d. n.d. 38·389 38·377 38·399 38·346 38·459
207Pb/206Pb n.d. n.d. 0·83403 0·83454 0·83416 0·83400 0·83380
208Pb/206Pb n.d. n.d. 2·05536 2·05614 2·05570 2·05421 2·05803
87Sr/86Sr n.d. 0·703424 0·703355 0·703513 0·703494 0·703435 0·703816
Sample: MI07_P03 D24_PC04 D25_PC01 D29_PC02 D33_PC02 D33_PC04 D38_PC06
Volcano: Macauley Macauley Macauley Macauley Macauley Macauley Healy
Type: Pumice Pumice Pumice Pumice Pumice Pumice Pumice
Location: SBT SW flank SW flank N rim E flank E flank NW flank/rim
SiO2 70·66 67·73 67·28 72·37 68·27 68·42 69·65
TiO2 0·638 0·792 0·821 0·435 0·570 0·533 0·481
Al2O3 13·28 13·81 13·79 12·78 14·96 13·83 14·69
Fe2O3 4·99 6·16 6·41 4·62 4·83 5·22 3·72
MnO 0·141 0·168 0·172 0·124 0·135 0·175 0·117
MgO 0·816 1·193 1·241 0·488 1·206 2·033 1·265
CaO 3·16 4·18 4·25 2·53 4·79 4·91 3·72
Na2O 4·51 4·34 4·40 4·75 4·02 4·13 4·74
K2O 1·660 1·388 1·397 1·827 1·076 0·597 1·504
P2O5 0·125 0·235 0·251 0·076 0·144 0·157 0·106
LOI 2·44 0·54 0·55 1·11 0·65 0·62 1·48
Total 100·34 99·97 100·07 99·74 100·16 100·21 100·15
Sc 14·3 17·4 18·2 12·1 13·5 20·7 12·6
V 12·2 29·7 32·9 4·2 11·2 29·0 51·0
Cr 2·04 1·75 1·10 1·63 2·76 61·17 6·75
Ni 0·87 0·99 0·93 0·58 1·56 15·61 3·37
Cu 17·59 25·60 25·14 25·37 25·58 47·61 20·16
Zn 90·6 96·6 96·0 77·8 88·3 101·9 51·8
Ga 15·9 17·0 16·9 16·4 15·9 15·9 16·5
Rb 28·75 25·56 25·02 31·59 29·45 8·16 24·65
Sr 164 214 212 142 193 189 220
Y 46·1 47·0 46·7 49·4 47·0 40·1 38·8
Zr 150·6 149·4 147·8 178·9 154·8 89·3 162·5
Nb 1·713 1·877 1·858 2·125 1·738 0·883 2·996
Mo 2·20 1·81 1·85 2·17 2·32 1·93 1·65
(continued)
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Table 1: Continued
Sample: MI07_P03 D24_PC04 D25_PC01 D29_PC02 D33_PC02 D33_PC04 D38_PC06
Volcano: Macauley Macauley Macauley Macauley Macauley Macauley Healy
Type: Pumice Pumice Pumice Pumice Pumice Pumice Pumice
Location: SBT SW flank SW flank N rim E flank E flank NW flank/rim
Cs 1·348 1·017 1·008 1·268 1·428 0·732 0·732
Ba 414 362 358 466 433 202 788
La 11·00 11·84 11·66 12·96 11·55 4·12 13·04
Ce 27·93 30·28 29·97 32·67 28·34 12·30 29·97
Pr 4·24 4·62 4·60 4·91 4·37 2·13 4·27
Nd 20·21 22·58 22·49 23·09 20·74 11·50 18·93
Sm 5·70 6·25 6·20 6·39 5·85 3·97 4·91
Eu 1·50 1·75 1·76 1·53 1·51 1·35 1·44
Gd 6·47 6·92 6·89 7·08 6·50 5·07 5·43
Tb 1·093 1·157 1·155 1·198 1·121 0·919 0·926
Dy 7·35 7·65 7·69 8·10 7·56 6·46 6·16
Ho 1·60 1·65 1·65 1·76 1·65 1·42 1·32
Er 4·85 4·95 4·90 5·28 5·04 4·23 4·08
Tm 0·729 0·745 0·751 0·809 0·768 0·633 0·634
Yb 4·96 5·02 4·96 5·47 5·18 4·36 4·32
Lu 0·754 0·761 0·751 0·837 0·778 0·645 0·659
Hf 4·43 4·34 4·33 5·24 4·55 2·72 4·34
Ta 0·109 0·118 0·117 0·134 0·111 0·068 0·198
W 0·313 0·240 0·448 0·264 0·389 0·247 0·253
Pb 7·64 5·80 5·57 6·80 8·24 4·71 3·81
Th 1·747 1·888 1·800 2·278 1·840 0·389 2·352
U 0·665 0·726 0·711 0·854 0·710 0·241 0·692
206Pb/204Pb 18·710 18·711 18·716 18·708 n.d. 18·663 18·824
207Pb/204Pb 15·582 15·585 15·590 15·586 n.d. 15·585 15·601
208Pb/204Pb 38·441 38·447 38·465 38·445 n.d. 38·398 38·607
207Pb/206Pb 0·83282 0·83291 0·83297 0·83307 n.d. 0·83506 0·82882
208Pb/206Pb 2·05455 2·05473 2·05513 2·05485 n.d. 2·05742 2·05095
87Sr/86Sr 0·703495 n.d. 0·703531 0·703507 n.d. 0·703368 0·703844
Sample: D39_PC05 D44_PC02 D47_PC02 D44_MB03 D22_PC02 D23_PC02 D22_03 MB01
Volcano: Healy Healy Healy Healy Raoul SW Raoul SW Raoul SW
Type: Pumice Pumice Pumice Mafic bleb Pumice Pumice Mafic bleb
Location: N rim/wall SE flank/rim Edificecrater SE flank/rim NE rim/wall SW floor/wall NE rim/wall
SiO2 72·67 71·18 70·74 53·03 74·12 74·16 58·63
TiO2 0·411 0·452 0·529 0·923 0·395 0·399 0·577
Al2O3 14·01 14·31 14·55 16·88 13·70 13·69 16·41
Fe2O3 2·81 3·31 3·39 11·24 2·60 2·58 8·33
MnO 0·112 0·114 0·135 0·198 0·119 0·121 0·179
MgO 0·618 0·914 0·886 4·623 0·646 0·699 4·331
CaO 2·54 3·05 2·97 9·68 3·64 3·62 8·98
(continued)
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Table 1: Continued
Sample: D39_PC05 D44_PC02 D47_PC02 D44_MB03 D22_PC02 D23_PC02 D22_03 MB01
Volcano: Healy Healy Healy Healy Raoul SW Raoul SW Raoul SW
Type: Pumice Pumice Pumice Mafic bleb Pumice Pumice Mafic bleb
Location: N rim/wall SE flank/rim Edificecrater SE flank/rim NE rim/wall SW floor/wall NE rim/wall
Na2O 5·00 4·95 5·09 2·88 4·02 3·97 2·26
K2O 1·754 1·614 1·599 0·427 0·668 0·671 0·219
P2O5 0·074 0·099 0·113 0·119 0·090 0·095 0·080
LOI 1·11 1·68 0·85 0·75 2·99 3·48 0·34
Total 99·70 99·86 99·27 100·06 99·97 101·71 100·10
Sc 8·3 10·3 10·4 35·3 17·1 16·7 36·8
V 14·1 36·6 16·3 344·0 13·3 12·7 240·1
Cr 2·20 3·08 1·78 15·76 1·62 0·90 28·65
Ni 0·61 1·41 0·69 11·73 0·89 1·41 12·04
Cu 7·39 14·84 7·04 139·03 6·37 8·27 48·21
Zn 60·8 54·6 68·6 79·6 72·3 77·5 78·1
Ga 15·8 15·9 16·3 17·3 14·8 14·7 15·3
Rb 29·62 26·03 26·18 7·01 10·22 10·39 3·77
Sr 203 200 247 290 167 169 139
Y 41·7 39·6 40·2 22·4 38·9 38·6 19·8
Zr 178·9 168·8 162·8 52·2 81·9 82·9 31·0
Nb 3·396 3·088 2·983 1·098 0·708 0·725 0·464
Mo 1·09 1·38 1·35 1·12 1·87 1·86 0·82
Cs 0·754 0·760 0·716 0·274 0·838 0·841 0·419
Ba 915 811 833 300 225 231 88
La 14·17 13·62 13·75 4·35 5·08 5·11 1·87
Ce 32·34 30·92 32·06 10·75 13·49 13·59 5·12
Pr 4·52 4·41 4·49 1·72 2·19 2·21 0·85
Nd 20·26 19·63 20·13 8·74 11·27 11·46 4·74
Sm 5·16 5·07 5·17 2·66 3·73 3·75 1·67
Eu 1·47 1·41 1·56 1·03 1·20 1·20 0·66
Gd 5·58 5·64 5·70 3·19 4·70 4·86 2·36
Tb 0·968 0·947 0·961 0·559 0·857 0·878 0·445
Dy 6·45 6·35 6·37 3·80 6·06 6·17 3·21
Ho 1·40 1·37 1·37 0·81 1·34 1·37 0·72
Er 4·24 4·21 4·15 2·39 4·06 4·14 2·17
Tm 0·661 0·649 0·637 0·347 0·639 0·634 0·330
Yb 4·67 4·48 4·40 2·31 4·26 4·37 2·26
Lu 0·723 0·691 0·661 0·348 0·659 0·665 0·359
Hf 4·69 4·50 4·24 1·50 2·59 2·64 1·07
Ta 0·264 0·205 0·196 0·067 0·052 0·054 0·026
W 0·506 0·270 0·246 0·385 0·244 0·261 0·334
Pb 4·73 4·39 4·43 1·91 3·68 3·72 1·43
Th 2·711 2·434 2·429 0·638 0·697 0·722 0·250
U 0·805 0·731 0·722 0·175 0·277 0·294 0·097
206Pb/204Pb 18·824 18·820 18·826 n.d. 18·705 18·699 18·714
(continued)
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in this study and that of Wright & Gamble (1999) (Fig. 4c,
Table 1). There are no strong correlations between clast
physical appearance and major element chemistry with
dredge location. All samples follow linear trends on major
element variation diagrams, with SiO2 between 69·5
and 71·5 wt %. Most variations can be linked to crystal
contents, with the lowest SiO2 clasts being the most crystal
rich. A single outlying clast with472·5wt % SiO2 has
unusually low crystal content (51^2 wt %). Dark grey
pumices and lava fragments have slightly higher TiO2
than the white pumices, reflecting a higher abundance of
Fe^Ti oxides.
Raoul SW volcano
Dredge sampling at Raoul SW recovered crystal-poor (1^3
vol. %), highly vesicular, white to slightly oxidized pumice
(Barker et al., 2012). The mineral assemblage is dominated
by 1^5mm euhedral plagioclase and clinopyroxene, with
smaller (50·5^1mm) orthopyroxene and Fe^Ti oxides.
Sparse quartz and amphibole are also present with trace
amounts of55mm olivine crystals. Dark grey mafic inclu-
sions 52^3 cm in size are also present within pumices.
There is little variation in the major element chemistry of
the Raoul SW pumice, which defines a narrow compos-
itional range between 73·5 and 75 wt % SiO2, and strong
linear correlations on variation diagrams (Fig. 5).
Xenoliths and inclusions
Previous studies have interpreted plutonic beach boulders
on the northern coast of Raoul Island (Brothers & Searle,
1970; Lloyd & Nathan, 1981; Worthington, 1998) as xeno-
liths derived from the young pyroclastic units. In this
study we analysed xenoliths occurring as plutonic beach
boulders, as single clasts within the Matatirohia deposit
and as inclusions within pumices. Our results show three
lithological types that closely match those previously
described in the beach rubble, as follows.
(1) Tonalites (Fig. 3e) composed dominantly of interlock-
ing euhedral to subhedral plagioclase and quartz
with lesser amounts of hornblende and variable
amounts of hydrothermal alteration minerals and/or
overgrowths of actinolite (after hornblende) and
epidote (after plagioclase). Small crystals (51mm) of
spinel and ilmenite are also present, with trace
amounts of zircon.
(2) Cumulate gabbros (Fig. 3f), which have large (average
1^2mm, maximum 1cm) crystals of olivine, clino-
pyroxene and plagioclase, interspersed with small ir-
regular patches of dark grey, partially vesicular,
microlite-rich glass. A thin layer of solidified melt per-
vades the gabbro, causing parts of the rock to be friable.
(3) Cauliform, variably crystalline blebs of mafic material
that occur as sparse single lapilli and as inclusions
inside pumices (Fig. 3a, g and h; Lloyd & Nathan,
1981; Worthington, 1998). Many mafic blebs have
adhering pumice glass, suggesting that they are a ju-
venile component (not accidental lithic fragments)
(e.g. Fig. 3g and h). A spectrum of textures is observed
in the mafic blebs, from holocrystalline blebs (similar
to the cumulate gabbros) with only a thin surround-
ing film of dark grey melt (Fig. 3i), to melt-dominated
blebs with scattered olivine, plagioclase and clinopyr-
oxene in a poorly vesiculated microlite-rich glassy
groundmass (Fig. 3j).
Large, melt-dominant mafic blebs collected loose from the
Matatirohia fall deposit and extracted from Healy and
Raoul SW pumices were analysed for their major element
chemistry. Matatirohia mafic blebs are basaltic (Table 1)
Table 1: Continued
Sample: D39_PC05 D44_PC02 D47_PC02 D44_MB03 D22_PC02 D23_PC02 D22_03 MB01
Volcano: Healy Healy Healy Healy Raoul SW Raoul SW Raoul SW
Type: Pumice Pumice Pumice Mafic bleb Pumice Pumice Mafic bleb
Location: N rim/wall SE flank/rim Edificecrater SE flank/rim NE rim/wall SW floor/wall NE rim/wall
207Pb/204Pb 15·601 15·595 15·603 n.d. 15·582 15·583 15·590
208Pb/204Pb 38·607 38·592 38·613 n.d. 38·430 38·430 38·472
207Pb/206Pb 0·82879 0·82868 0·82876 n.d. 0·83305 0·83335 0·83309
208Pb/206Pb 2·05093 2·05056 2·05099 n.d. 2·05462 2·05514 2·05584
87Sr/86Sr n.d. 0·703860 0·703810 n.d. n.d. 0·703555 n.d.
Oxide abundances given in wt % and normalized to 100% on a volatile-free basis, with original LOI values and analytical
totals given. LOI is weight loss on ignition at 10008C for 1 h. n.d., not determined. Trace elements given in ppm. Isotope
ratios calculated relative to bracketing standard NBS-981 for Pb and SRM-987 for Sr. GLP, Green Lake Pumice; SBT,
Sandy Bay Tephra (see Electronic Appendix A for sample details).
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and (similar to the dacites) have relatively low K2O and
TiO2. The single Healy mafic bleb analysed is basaltic-
andesite and similar in major element chemistry to the
basalt reported by Wright & Gamble (1999). Consistent
with the major element trends in the silicic samples, the
Healy mafic bleb has higher total alkali contents than the
Raoul blebs.The single Raoul SW mafic bleb analysed is an-
desitic, although intermingled rhyolite pumice glass could
not completely be removed prior to analysis. In addition, a
single tonalite xenolith analysed from the Matatirohia de-
posit (Table 1) is slightly more evolved than the Raoul da-
cites (71 wt % SiO2; Fig. 5), lying along the same trends
but with notably lower K2O and P2O5. Rare plutonic xeno-
liths have also been reported in the Sandy Bay Tephra on
Macauley Island (Lloyd et al., 1996; Smith et al., 2003a). A
single olivine-rich cumulate gabbro was collected as a xeno-
lith from the Sandy BayTephra for crystal-specific analyses;
this contains large (typically 1^5mm, but up to 1^2 cm) eu-
hedral plagioclase, clinopyroxene and olivine, with smaller
(50·5mm) magnetite (Fig. 3k and l).
Whole-rock trace element variations
A subset of 46 samples was analysed for trace elements by
solution ICP-MS. All samples have high concentrations of
Fig. 5. Summary variation diagrams. Low- and medium-K discriminant boundary (from Gill, 1981) is marked by a dashed line on K2O vs
SiO2 diagram. Compositional boundaries on total alkali (Na2OþK2O) vs SiO2 (TAS) diagram are from Le Maitre (1989). Low-, medium-
and high-Fe boundaries are marked by dashed lines on FeO*/MgO vs SiO2 diagram, from Arculus (2003). The continuous grey line marks
the discriminant boundary between tholeiitic and calc-alkaline suites (Miyashiro, 1974). All values have been recalculated based on oxide
totals normalized to 100%. (See Electronic Appendix C, Table C1 for raw data, original totals and LOI values.) Modified from Barker et al.
(2012).
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fluid-mobile large ion lithophile elements (LILE: Cs, Rb,
Ba, U, K, Pb, Sr) and relatively low concentrations of
fluid-immobile high field strength elements (HFSE: Ti, Zr,
Hf, Nb, Ta) with respect to mid-ocean ridge basalts
(MORB), typical for arc magmas (Pearce & Peate, 1995;
Fig. 6). Raoul pumices show only small variations between
eruptions, with all samples being slightly light rare
earth element (LREE) depleted (Fig. 6a, Table 1) with
Eu/Eu*¼ 0·85^0·94 coupled with large negative Ti
anomalies. The Matatirohia tonalite shows similar trace
element patterns to the pumices but with Eu/Eu*¼ 0·65,
indicating extensive plagioclase crystallization. The two
Matatirohia mafic blebs have trace element concentrations
that are considerably lower than those of the silicic
magmas, but strongly parallel in their trace element pat-
terns (Fig. 6a). Mafic blebs have Eu/Eu*¼ 1·08^1·11 and
noTi anomalies, precluding plagioclase or magnetite frac-
tionation. Similar patterns of trace element concentrations
occur between pumices and the single mafic bleb from
Raoul SW (Fig. 6b), which are also slightly LREE-
depleted. In contrast, the majority of Macauley pumices
are LREE-enriched (Fig. 6c, Table 1). Pumices from the
caldera rim have the highest incompatible trace element
concentration and the most pronounced Eu/Eu*¼ 0·69^
0·73 and negative Ti anomalies. The three samples that
have low K and low Fe have similar trace element patterns
to other Macauley pumices, although at lower concentra-
tions and with Eu/Eu*¼ 0·86^0·92. Notably, one Macau-
ley pumice (D33_PC04) is LREE-depleted with similar
trace element patterns to samples from Raoul and Raoul
SW. Two basaltic samples from pre-Sandy Bay lavas, and
a single Sandy Bay basaltic lithic fragment analysed by
Smith et al. (2003a) have trace element patterns that
are strongly parallel to those of the Sandy Bay pumices
(Fig. 6c). Healy pumices are also LREE-enriched, with
Eu/Eu*¼ 0·78^0·87 and large negative Ti anomalies, but
have distinctively higher Ba (Fig. 6d). Healy basalts have
trace element patterns that generally are parallel to those
of silicic pumices, but with Eu/Eu*¼ 1·08 and slightly
higher Sr concentrations.
Whole-rock Pb and Sr isotopic
compositions
Pb and Sr isotopic compositions are relatively uniform for
each volcano, but differ significantly between volcanoes
(Fig. 7, Table 1). Healy samples are the most radiogenic,
having high 207Pb/204Pb and 208Pb/204Pb and also high
87Sr/86Sr ratios (40·7038), similar to other southern
Kermadec volcanoes, which trend towards the Kermadec
sediment field (Gamble et al., 1996; Turner et al., 1997;
Ewart et al., 1998; Haase et al., 2002). Raoul, Macauley,
and Raoul SW samples typically show only slight differ-
ences between volcanoes and rock types. Raoul basalts
and dacites have similar isotopic compositions; however,
Raoul tonalites have markedly higher 87Sr/86Sr, resulting
from hydrothermal alteration involving seawater (Fig. 7c).
Pumices fromMacauley and Raoul SW have isotopic com-
positions more similar to fluid from altered MORB and
sedimentary Pb, according to Haase et al. (2002) (Fig. 7).
Mineral major and trace element
chemistry
There are significant differences in crystal varieties, sizes,
and compositional zoning between pumices from the four
Kermadec volcanoes studied. In all samples, crystals tend
to have three types of association: (1) single crystals with
adhering felsic glass (Fig. 8a^e); (2) crystal clusters
(55mm in size) dominated by pyroxene and plagioclase
(Fig. 8f); or (3) single or multiple crystals sheathed by
microlite-rich, poorly vesiculated glass, forming round
blebs up to 2 cm (Figs 3a and 8g). Below we describe each
crystal phase, focusing on their type of association, com-
positional range and zonation patterns between volcanoes.
Plagioclase
Plagioclase is the most abundant crystal phase and occurs
in all three of the associations listed above. Plagioclase
tends to be40·5mm and shows a wide range of textures
and zonation patterns in backscattered electron (BSE)
images (Fig. 8a), corresponding to a wide range of compos-
itions (Fig. 9). Two dominant populations are identified in
this study: (1) high-An (typically4An80; Fig. 9), which can
be unzoned or display strong compositional zoning with
resorbed high-An cores and lower-An rims and/or over-
growths (Fig. 8a), occurring dominantly as large single
crystals or in mafic blebs (Fig. 8g); (2) low-An (typically
An40 to An70; Fig. 9), which commonly shows both normal
and reverse compositional zoning with some crystals dis-
playing complex zoning (including sieve textures, resorbed
cores and oscillatory zoning; Fig. 8a), typically occurring
in crystal clusters (Fig. 8f) or as small single or groundmass
crystals.
Plagioclase compositions vary between volcanoes, lar-
gely depending on the presence or relative proportions of
the two plagioclase populations (Fig. 9). Raoul pumices
contain dominantly high-An plagioclase, with two domin-
ant high-An sub-modes (Fig. 9a), the most calcic of which
(peak 1a in Fig. 9a) is similar to crystals from the gabbroic
xenolith (Fig. 9b). Raoul pumices also contain a tail of
low-An plagioclase, dominantly as rims on high-An plagio-
clase and small groundmass crystals (peak 2 in Fig. 9a). A
third outlier population (An56 to An20) in the Oneraki
and Green Lake samples (peak 3 in Fig. 9a) typically
occurs as41mm normally zoned mottled and cracked,
subhedral to anhedral crystals (Fig. 8a). These crystals are
markedly similar to plagioclase from the tonalite xenolith
(Fig. 9b). Plagioclase crystals from Raoul SW pumices are
also dominantly high-An, with two high-An sub-modes
similar to those at Raoul, but with fewer low-An plagio-
clase crystals (Fig. 9c). In contrast, plagioclase crystals
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from Macauley and Healy are dominantly low-An, show
minor variations between crystal cores and rims (Fig. 9d^f)
and often display complex oscillatory zoning (e.g. Fig. 8a).
High-An (4An88) plagioclase occurs sparsely as41mm
crystals at Macauley with compositions similar to those of
cores and unzoned crystals from the Sandy Bay gabbro
xenolith (Fig. 9e). Healy pumices also contain a small
population of large high-An plagioclase (4An88), with
Fig. 6. REE diagrams normalized to chondrite (Palme & Beer, 1993), and multi-element diagrams normalized to normal-mid-ocean ridge
basalt (N-MORB) values of Sun & McDonough (1989). (a) Raoul dacite pumices, Matatirohia mafic blebs and tonalite xenolith. It should be
noted that U, Zr and Hf are not shown for the tonalite sample owing to the presence of zircon. The Rangitahua samples have anomalously
high Pb concentrations, interpreted as hydrothermal clay contamination. (b) Samples from Raoul SW volcano, including a single mafic bleb.
(c) Macauley pumice from this study compared with basaltic lavas and a Sandy BayTephra basaltic lithic fragment from Smith et al. (2003a).
(d) Healy pumice and a single mafic bleb from this study and basaltic lava from I. C. Wright (unpublished data). (See Electronic Appendix
C,Table C2 for raw data.)
BARKER et al. KERMADEC ARC SILICIC MAGMAGENESIS
365
 at V
ictoria U
niversity of W
ellington on January 21, 2013
http://petrology.oxfordjournals.org/
D
ow
nloaded from
 
466
subordinate outliers between An60 and An80, representing
cores of strongly zoned large crystal clusters (Fig. 8f),
which are overgrown by low-An rims (Fig. 9f).
Most plagioclase trace element concentrations from
Raoul, Macauley, and Healy (Fig. 10) increase with
decreasing An values (i.e. changing melt compositions
and consequent variations in trace element partitioning;
Blundy & Wood, 1991). The exception is Sr, which begins
to decrease at5An50^60 (Fig. 10a). Eu and Ba concentra-
tions show a slight increasing trend for An98 to An60 fol-
lowed by a sharp increase at5An60 for Macauley and
Healy pumices (Fig. 10b and c).
Clinopyroxene
Clinopyroxene is the second most common mineral phase
and also occurs as two compositional groups (Fig. 11): (1)
Mg-rich crystals [with core compositions of Mg#470,
where Mg#¼ 100Mg/(MgþFetotalþMn)], which are
euhedral and range from unzoned to strongly zoned, typic-
ally found as isolated40·5mm crystals with adhering
felsic glass (Fig. 8b), or as52 cm crystals inside mafic
blebs (Fig. 8g); (2) Fe-rich crystals (Mg#570), which are
subhedral and lack strong compositional zonation, typic-
ally occurring as50·5mm long single crystals (Fig. 8b),
or clustered with low-An plagioclase and orthopyroxene
(Fig. 8f).
Clinopyroxene compositional relationships are complex
and variable (Fig. 11). At Raoul, many Mg-rich clinopyrox-
enes cores show strongly zoned rims that are similar in
composition to unzoned Fe-rich clinopyroxenes (Fig. 11a).
Rim thicknesses vary from absent to 10^20 mm in the
Matatirohia and Fleetwood, 30^50 mm in the Oneraki
and up to 100 mm in the Green Lake pumices. The
Oneraki and Green Lake pumices also contain a higher
proportion of Fe-rich clinopyroxene. Some strongly zoned
Mg-rich clinopyroxenes also display resorbed cores (e.g.
Fig. 8b and g), overgrown by an even more Mg- and
Ca-rich band. Mg-rich clinopyroxenes from the Raoul
pumices overlap in composition with those from the mafic
bleb and gabbroic xenolith (Fig. 11b). Similar compos-
itional trends are observed in pumices from Raoul SW
(Fig. 11c). At Macauley, however, there is a broader spread
of clinopyroxene types and compositions (Fig. 11d). All but
the most evolved sample (D29_PC02) contain Mg-rich
clinopyroxene cores, which overlap in composition with
those from the gabbro xenolith, and rims that overlap
with Fe-rich unzoned clinopyroxene compositions. In con-
trast, Healy clinopyroxenes show only minor variations in
composition (Fig. 11e), but have a range of crystal sizes
and zonations indicative of multiple populations. Samples
D38_PC06 and D44_PC02 contain dominantly45mm
euhedral clinopyroxene, both as single crystals and within
mafic blebs (Fig. 8g), often with thin higher-Fe rims
(Fig. 11e). In contrast, samples D39_PC05 and D47_PC02
Fig. 7. Whole-rock isotopic compositions for selected samples from
the Kermadec volcanoes investigated in this study compared with
previous studies (cited in key). Dashed black lines connect
end-member compositions for mantle and sediment components
(shaded stars) from Haase et al. (2002) and with fluid from altered
MORB (white star). Ticks on dashed lines mark the per cent mixing
between the two end members [mixing calculations from Haase et al.
(2002)]. Dotted line marks the leachate compositions for a single
sample (see Electronic Appendix B). Shaded compositional fields rep-
resent published data from the Tonga^Kermadec region (Ewart &
Hawkesworth, 1987; Loock et al., 1990; Pearce et al., 1995; Gamble
et al., 1996, 1997; Regelous et al., 1997; Turner et al., 1997; Bach et al.,
1998; Ewart et al., 1998; Peate et al., 2001; Haase et al., 2002). Northern
Hemisphere Reference Line (NHRL) from Hart (1984). Figure modi-
fied from Haase et al. (2002). (See Electronic Appendix C, Table C3
for raw data.)
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are dominated by unzoned, or slightly zoned55mm single
or clustered crystals (Fig. 8f).
Clinopyroxene trace element variations mirror the
two compositional groups identified by major elements
(Fig. 12). Two trends occur in clinopyroxene REE patterns
for Raoul, Macauley and Healy, corresponding to
Mg-rich (low-REE) and Fe-rich (45^10 higher-REE
concentrations), the latter being similar to or slightly
Fig. 8. Back-scattered electron images of representative crystal types found in pumices from the Kermadec volcanoes. (a) Representative
end-member plagioclase types, including high-An, low-An and mottled ‘tonalite-type’ plagioclase. (b) Representative clinopyroxene types
including both weakly zoned and strongly zoned Mg-rich clinopyroxene with dark coloured high-Mg resorbed core, and unzoned Fe-type clino-
pyroxene with inclusions of apatite and magnetite. (c) Weakly zoned amphibole. (d) Representative orthopyroxene types including both
Fe-rich and Mg-rich types. (e) Representative olivine types including both strongly zoned Raoul SWolivine with an Fe-rich rim and completely
unzoned Sandy Bay Tephra olivine. (f) Crystal clusters. (g) Mafic blebs from Raoul and Healy showing variable crystal contents encased
within a microlite-rich mafic melt. cpx, clinopyroxene; ox, oxides (magnetite; ilmenite); plag, plagioclase; ol, olivine; amph, amphibole. (See
text for details and discussion.)
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greater in value than the corresponding whole-rock con-
centrations. In addition, trace element data show two
Mg-rich sub-populations for Raoul and the Sandy Bay
Tephra samples (Fig. 12a and b). The most primitive
clinopyroxenes at Macauley have the lowest REE concen-
trations and the highest Cr values (Fig. 12b). At Healy,
trace elements distinguish two clinopyroxene types more
clearly than major elements (Fig. 12c).
Fig. 9. Plagioclase compositions in representative pumice and xenoliths. Plagioclase anorthite content [An¼100 Ca/(CaþNaþK)] for both
unzoned and zoned crystals from: (a) Raoul pumices from five eruptions with three dominant modes numbered (see text for discussion); (b)
Raoul xenoliths from the Matatirohia deposit including the cumulate olivine gabbro and tonalite; (c) Raoul SW pumice; (d) Sandy Bay
Tephra pumice and four submarine dredged pumices fromMacauley; (e) olivine gabbro xenolith from the Sandy BayTephra; (f) four submarine
dredged pumices from Healy. (See Electronic Appendix C,Table C7 for raw data.)
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Amphibole
Amphibole occurs as a minor phase in Healy pumices
(55% of crystals) and in trace amounts (51%) in pumices
from Raoul SW, typically as acicular single crystals or in
microcrystalline clots (Fig. 8). In addition, amphibole
occurs in plutonic tonalite xenoliths from Raoul. Most
amphiboles observed in pumices are unzoned or slightly
zoned (e.g. Fig. 8c), with several crystals containing
high-TiO2 cores (Fig. 12d). Healy amphiboles have en-
riched REE patterns, which are LREE-depleted and have
slight heavy REE (HREE) depletion (Fig. 12d; Brophy
et al., 2011), consistent with amphibole partition coefficients
(Rollinson, 1993).
Orthopyroxene
Orthopyroxene is a minor phase (55^10% of crystals)
occurring as 55mm long single crystals (Fig. 8d), or
in crystal clusters with clinopyroxene and plagioclase
(Fig. 8f). The majority of crystals have a narrow compos-
itional range with no zoning (Fig. 13a). Compositional
outliers that have strongly zoned Mg-rich cores (e.g.
Fig. 8d) occur in the Matatirohia, Oneraki, and
Fleetwood samples from Raoul and the Sandy BayTephra
from Macauley.
Olivine
Olivine occurs as rare (1 vol. %) 1^5mm single crystals
and within mafic blebs in samples from all four volcanoes
studied. Many isolated crystals have a thin selvedge of
dark grey, microlite-rich glass and, despite being hosted in
dacite pumice, disequilibrium features are relatively un-
common, with most crystals being unzoned or having
510^20 mm rims (Fig. 8e). Olivines between Fo70 and Fo84
(Fig. 13b) occur in the Matatirohia and Fleetwood pum-
ices from Raoul, displaying both normal and reverse
zoning, similar to olivines from the mafic bleb and gab-
broic xenolith. At Macauley, olivine occurs in the Sandy
Bay Tephra (Fo68^78), dredge sample D33_PC04 (Fo80^90),
and the Sandy Bay gabbro xenolith (Fo76^78) (Fig. 13b). At
Healy, olivine (Fo72^82) occurs in samples D38_PC06 and
D44_PC02. For Raoul SW, in contrast, olivines are often
zoned (Fig. 8e) and are in the range of Fo78^88, with some
reverse zoned crystals with rims that are 4^6% richer in
Fo (Fig. 13b).
Fe^Ti oxides
Fe^Ti oxides are common in pumices from all four volca-
noes studied, often attached to or included in Fe-rich clino-
pyroxenes and orthopyroxenes. Raoul pumices contain
only titanomagnetite, which shows a wide compositional
Fig. 10. Selected trace element vs anorthite content variation diagrams for plagioclase crystals in pumices from (a) Raoul, (b) Macauley and
(c) Healy volcanoes. Arrow represents core-to-rim composition of a tonalite-type plagioclase. (See Electronic Appendix C, Table C13 for raw
data.)
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range, dominantly Mnt55^75, but with some crystals (typic-
ally in mafic blebs) up to Mnt87 (Electronic Appendix C,
Table C10). All Macauley samples contain titanomagnetite
(Mnt50^70), but only the Sandy Bay Tephra and dredged
sample D33_PC04 contain ilmenite (Ilm85^87). Pumices
from Healy and Raoul SW, in contrast, show a narrow
range of titanomagnetite compositions (Mnt72^82) and
also contain ilmenite (Ilm70^80) (Electronic Appendix C,
Tables C10 and C11).
Glass chemistry
As many pumice samples contained mafic blebs and/or
large xenocrysts, major element analyses were carried out
on matrix glasses to assess the effects of mixing on
whole-rock chemistry. Glass from Raoul pumice has gener-
ally470 wt % SiO2, with compositional trends that con-
trast with the whole-rock data (Fig. 14a), particularly for
the Matatirohia, Oneraki, and Fleetwood pumices, which
contain mafic blebs, and have slightly higher crystal con-
tents (3^5 vol. %) than the Green Lake pumices (51^2
vol. %). A mixing vector that points towards the mafic
bleb whole-rock composition parallels many of the trends
on variation diagrams (Fig. 14a), and the glass compos-
itions are difficult to distinguish by eruption. Raoul SW
glass compositions continue the linear compositional
trend on selected variation diagrams up to 77·5 wt %
SiO2. Glass compositions from Macauley pumices plot in
compositional fields consistent with those observed from
whole-rock data (Fig. 14b). Apart from one sample
(D25_PC01), all pumice glasses have 472 wt % SiO2.
Three clasts (including the Sandy BayTephra) have simi-
lar compositions to pumices analysed by M. D. Rotella
et al. (unpublished data); however, two pumices have dis-
tinctively lower K2O. Contrasts between whole-rock and
glass compositions at Macauley are consistent with the
observed mineralogy. For example, high MgO and CaO
in the north caldera flank pumice (D33_PC04) can be ex-
plained by addition of olivine and/or high-Mg clinopyrox-
enes. There are also significant differences between the
whole-rock major element chemistry and glass compos-
itions at Healy (Fig. 14c), in part reflecting the presence of
up to 10^15 vol. % crystals. Despite these differences in
relative crystal content, the Healy glasses span a narrow
compositional range.
Fig. 11. Clinopyroxene compositions in representative pumices and
xenoliths from the Kermadec volcanoes displayed on stacked
Enstatite^Ferrosilite^Wollastonite (En^Fs^Wo) ternary diagrams.
Compositions calculated as En¼100Mg/(CaþMgþFe), Fs¼100
Fe/(CaþMgþFe), andWo¼100 Ca/(CaþMgþFe). Enlarged area
for clinopyroxene (cpx) is highlighted in grey on the ternary diagram
at the top. Compositions are displayed for both unzoned and zoned
Fig. 11Continued
crystals as denoted by marker type. Only zones that vary by43wt %
FeO are shown. Black dashed arrows indicate the direction of core to
rim compositional variation. (a) Raoul pumices from five eruptions;
(b) Raoul xenoliths from the Matatirohia deposit including large
mafic bleb and the cumulate olivine gabbro; (c) Raoul SW pumice;
(d) the Sandy BayTephra and four pumices dredged from Macauley;
(e) four pumices dredged from Healy. In (d) the compositional field
(dashed line) for unzoned clinopyroxene from the olivine gabbro
xenolith is shown. (See Electronic Appendix C, Table C5 for raw
data.)
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Oxygen isotope compositions
As pumices show evidence for magma mixing, oxygen iso-
tope compositions were determined for single crystals,
rather than from whole pumices. Crystals selected were
first analysed for major elements (and trace elements where
feasible) before oxygen isotope analyses were undertaken.
Despite large differences in major and trace element com-
positions, crystals from the Kermadec pumices show only
small variations in d18O between mineral populations
(Table 2). The minor differences between clinopyroxene
Fig. 12. Clinopyroxene and amphibole trace element characteristics. Chondrite normalization values from Palme & Beer (1993).
Mg#¼ 100Mg/(MgþFetotalþMn). Clinopyroxene compositions from (a) four pumices from different eruptions from Raoul, (b) Sandy Bay
Tephra and four submarine dredged pumices fromMacauley, and (c) four pumices from Healy. (d) Amphibole compositions from four pumices
from Healy; colours and symbols as in (c). Shaded region on REE diagrams represents the total whole-rock trace element compositions of pum-
ices from the respective volcanoes. The zones of strongly zoned crystals are marked accordingly: filled symbols with no outline are cores, open
coloured symbols are rims, and open black symbols are dark bands. Analyses from single zoned crystals are joined by dashed coloured arrows
on the Cr variation diagram to illustrate variations between zones within single crystals for the Raoul and Macauley samples.The two clinopyr-
oxene types from Raoul are labelled on the Zr variation diagrams, and Mg-rich sub-groups 1 and 2 from Raoul and Macauley are labelled
and outlined with continuous and dashed lines respectively (see text for discussion). Mineral trace elements were not determined for samples
from Raoul SW. (See Electronic Appendix C,Tables C12 and C14 for raw data.)
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types are interpreted to reflect Fe^Ti oxide and apatite inclu-
sions that typically have low d18O values (Bindeman, 2008),
slightly biasing the bulk crystal values. Plagioclase and oliv-
ine show only small variations, with values that would be ex-
pected from crystallization of normal arc mantle melts
(Eiler et al., 2000), and the mottled and altered plagioclase
from Raoul pumice is lower by only 0·5^1·0ø. Notably,
low-An plagioclases have 0·2^0·4ø higher d18O values
than the corresponding high-An plagioclase. The overall
range of d18O corresponds closely to values observed in
fresh MORB lavas (Eiler, 2001), in agreement with d18O
measured in Kermadec glasses (Haase et al., 2011).
I NTENSIVE PARAMETERS AND
EQU IL I BR IUM CALCULAT IONS
A range of methods has been used to determine the tem-
perature, pressure, volatile contents, and oxygen fugacity
of the Kermadec magmas, consistent with the differing
mineral assemblages in each volcano sample suite.
The Fe^Ti two-oxide thermo-oxybarometer (Ghiorso &
Evans, 2008) was used for Healy, Macauley and Raoul
SW samples where both magnetite and ilmenite were pre-
sent (Fig. 15a). Healy samples show a lower-temperature
higher-fO2 group [840^8608C; NNO (nickel^nickel oxi-
de)þ 1·0 toþ1·1], and a higher-temperature lower-fO2
group (840^9208C; NNOþ 0·7 toþ 0·95). Macauley data
cluster into two groups by sample D33_PC04 (920 5^9408C
and NNOþ 0·05 toþ 0·15) and the Sandy Bay Tephra
sample (940^9708C; NNO 0·20 toþ 0·05). In addition,
the parameterizations presented by Ridolfi et al. (2010)
were applied to amphibole compositions. Temperature esti-
mates are similar to those from Fe^Ti oxide thermometry,
but cover a wider range of temperatures from 800 to
9508C for Healy and from 760 to 8608C for Raoul SW
(Fig. 15b and c). Amphiboles from Healy show two distinct
groups in model values. The first group yields model
Fig. 13. Orthopyroxene and olivine compositions in representative pumices and xenoliths. (a) Orthopyroxene compositions displayed on
stacked Enstatite^Ferrosilite^Wollastonite (En^Fs^Wo) ternary diagrams. Compositions reported as En¼100Mg/(CaþMgþFe), Fs¼100
Fe/(CaþMgþFe) andWo¼100 Ca/(CaþMgþFe). Enlarged area for orthopyroxene (opx) is highlighted on the complete ternary diagram
in Fig. 11. (b) Histograms stacked by volcano showing the variation in forsterite (Fo) content [Fo¼100Mg/(MgþFe)] for unzoned and zoned
olivines. (See Electronic Appendix C,Table C6 (orthopyroxene) andTable C8 (olivine) for raw data.)
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temperatures of 800^8708C, 4·4^5·3 wt % H2O and pres-
sures of 100^160MPa, whereas the second has model
temperatures of 900^9508C, 5^6 wt % H2O and 190^
290MPa. For the first cluster, the Ridolfi et al. (2010)
ranges of model pressures and water contents are consistent
with those from melt inclusions (Saunders, 2009). The ma-
jority of the analyses used for modelling are from unzoned
crystals rims; however, strongly zoned crystal cores
correspond to higher model temperatures, water contents
and pressures. Amphiboles from Raoul SW also cluster
into two groups, with a high-temperature group at
8608C, 56·4 wt % H2O and pressures of 160MPa,
and a lower temperature group at 780^8108C, 5^6 wt %
H2O and 80^120MPa. Unaltered amphibole cores from
the tonalite xenolith yield even lower temperatures of
760^7958C and pressures of 65^90MPa.
Fig. 14. Major element glass compositions with corresponding whole-rock compositions from Kermadec pumices. Filled symbols represent
single glass analyses by EMPA. Shaded fields are compositional groups from M. D. Rotella et al. (unpublished data). Open symbols represent
whole-rock compositions from the same pumice samples. Data have been normalized to 100% on a volatile-free basis. Arrows are vectors indi-
cating in which direction addition of various crystal types or mafic blebs would drive the glass compositions (the opposite directions represent
melt evolution with crystallization). Vectors are calculated from typical compositions of crystal phases found within pumice: pl, plagioclase
(dark shade is high-An plagioclase, light shade is low-An plagioclase); cpx, clinopyroxene (dark shade is Mg-rich clinopyroxene, light shade is
Fe-rich clinopyroxene); opx, orthopyroxene; ol, olivine; ab, amphibole; mag, magnetite; ilm, ilmenite. mb represents the vector calculated from
the average whole-rock composition of mafic blebs from the corresponding volcano (Table 1). (See Electronic Appendix C, Table C4 for raw
data.) The 2 SD uncertainties are calculated from repeated analysis of glass standards (Electronic Appendix B). Uncertainties for XRFanalyses
are typically less than the size of the symbols.
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Thermometers appropriate for other samples are limited
by their restricted mineral assemblage and are therefore
confined to two-pyroxene or mineral^liquid equilibrium
(Putirka, 2008). Previous studies of Raoul dacite mineral-
ogy have suggested that the majority of crystals were far
from equilibrium with the host melt, and only crystal rims
or small groundmass crystals were in equilibrium with the
host melt (Worthington, 1998; Smith et al., 2006, 2010).
Multiple crystal populations, with wide compositional
ranges, have also been identified in samples from this
study. Selected crystal and melt compositions were tested
under the equilibrium criteria outlined by Putirka (2008)
to assess which minerals were suitable for thermometry
(Table 3). Most Kermadec pumices contain minerals that
fall within the equilibrium calculations of Putirka (2008),
confined mainly to Fe-rich clinopyroxene and orthopyrox-
ene types (typically5Mg# 70) and low-An plagioclase
(typically 5An75 for Raoul plagioclase, 5An65^70 for
Raoul SWand most Macauley plagioclase, and5An50 for
Healy). Exceptions to this are high-SiO2 samples from
Macauley and Healy, which have pyroxene^glass compos-
itions that fall slightly outside the equilibrium criteria,
possibly as a result of late-stage crystallization of other
Fe- or Mg-bearing crystal phases such as amphibole.
Temperature estimates are relatively consistent for the
various thermometers, with only the clinopyroxene^melt
thermometer yielding slightly higher values (typically by
30^508C: Table 3). Temperature estimates from mineral^
melt and two-pyroxene thermometers also yield similar
temperatures to oxide and amphibole thermometers
where these minerals were also present (Fig. 15).
DISCUSS ION
The multiple types of data collected in this study under-
score the complexity of silicic magma generation in the
Kermadec arc. There are, however, several consistent pat-
terns in the combined geochemical and petrological data
that illuminate key processes that would otherwise be
missed by using conventional bulk-rock analyses. To inter-
pret the overall trends in chemistry, we first consider what
potential sources and conditions may have given rise to
the diverse mineralogies and xenoliths found within the
Kermadec pumices. Then we examine the different lines
of evidence to reassess the dominant petrogenetic processes
responsible for the origin of silicic magmas. Finally, we
use these interpretations to draw inferences about the
Table 2: Oxygen isotope compositions of mineral types from selected Kermadec pumices
Volcano Crystal type Type d18O (ø)
Raoul Clinopyroxene (silicic) Fe-rich (Mg# 68) 4·5*
Macauley Clinopyroxene (silicic) Fe-rich (Mg# 56) 5·1*
Raoul Clinopyroxene (xenocryst) Mg-rich (Mg# 85) 5·0
Macauley Clinopyroxene (xenocryst) Mg-rich (Mg# 85) 5·7
Healy Clinopyroxene (xenocryst) Mg-rich (Mg# 85) 5·2
Raoul Olivine (xenocryst) Unzoned (Fo81) 5·1
Macauley Olivine (xenocryst) Unzoned (Fo75) 4·9
Healy Olivine (xenocryst) Unzoned (Fo80) 5·1
Raoul Plagioclase (silicic) Zoned, low-An (An68) 5·7
Macauley Plagioclase (silicic) Unzoned, low-An (An50) 5·8
Healy Plagioclase (silicic) Unzoned, low-An (An45) 5·6
Raoul Plagioclase (xenocryst) Unzoned, high-An (An97) 5·3
Macauley Plagioclase (xenocryst) Unzoned, high-An (An89) 5·6
Healy Plagioclase (xenocryst) Unzoned, high-An (An95) 5·3
Raoul Plagioclase (tonalite?) Mottled, low-An 4·8
(An50 core, An23 rim)
Raoul, Plagioclase (tonalite) Mottled, low-An 5·5
xenolith
Healy Amphibole (phenocryst) Unzoned, 6·2
magnesiohornblende
*Not considered totally representative of the mineral phase owing to small but abundant (up to 20%) inclusions of Fe–Ti
oxides and apatite.
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structure of the magmatic systems at these four Kermadec
volcanoes.
Magmatic conditions: clues from the
crystals
Origins of the observed crystal assemblages
The majority of pumices contain multiple crystal popula-
tions, some of which are close to equilibrium with their
host glasses. Most, however, show disequilibrium, indicat-
ing that they have crystallized in melts of contrasting com-
position. Magma mixing and/or assimilation, expressed as
mafic blebs and xenocrysts, has influenced the mineralogy
and bulk compositions of many of the Kermadec pumices.
Two major questions arise from these observations.
(1) What are the sources of the identified crystal
populations?
(2) What is the crystal population’s genetic, spatial, and
temporal affiliation with the silicic melts?
To address these questions, we draw attention to the dif-
ferent crystal populations identified in pumice samples
compared with those analysed in co-eruptive plutonic
xenoliths and mafic inclusions (Figs 9, 11 and 13). Major
element compositions of clinopyroxene, olivine and plagio-
clase from both the gabbro and the single mafic bleb
correspond closely to the compositions of Mg-rich clino-
pyroxene, high-An plagioclase and olivine analysed from
both smaller mafic blebs as well as single crystals identified
in felsic pumices. Plagioclase compositions of zoned crys-
tals in tonalite xenoliths also closely match those of the
mottled low-An population of single plagioclase found in
both the Oneraki and Green Lake Pumice samples. Given
the close similarities between crystal populations in the
plutonic xenoliths and those single crystals within single
pumice samples, it is inferred that many crystals in pum-
ices are derived from the host-rocks to the young felsic
magma bodies.We propose that the close spatial proximity
of the plutonic bodies to the silicic magmas resulted in
magma mixing and/or assimilation, with the plutonic
bodies representing either solid country rock or partially
molten cumulates. The degree of assimilation and/or
mixing with the mafic source varies considerably, with
some xenolithic material represented only by single crys-
tals with adhering silicic pumice glass, and other xenoliths
represented by large centimetre-sized mafic blebs, or loose
coherent blocks of plutonic material.The amount of mater-
ial involved in magma mixing and/or assimilation also
varies widely between samples as expressed by the vari-
ation in crystal populations between pumices, and also
identified by offsets between glass and whole-rock compos-
itions (Fig. 14).
Temporal relationships between the source of the mafic
crystals and the host silicic magmas are difficult to inter-
pret, especially for submarine dredged samples as there is
Fig. 15. Intensive parameters calculated for selected pumices from
Macauley, Raoul SW and Healy volcanoes and tonalite from Raoul
volcano. (a) Temperature and fO2 [plotted as log10 fO2 relative to
the Ni^NiO oxygen buffer of O’Neill & Pownceby (1993)] estimates
from Healy, Macauley and Raoul SW, calculated from matched
pairs of magnetite and ilmenite using the Fe^Ti exchange based
thermometer of Ghiorso & Evans (2008). Only coexisting Fe^Ti
oxide pairs (either sharing a common boundary or occurring together
in the same phenocryst) were used to ensure textural equilibrium
(Blundy & Cashman, 2008). Fe^Ti pairs were also tested for equilib-
rium using the Mg/Mn partioning test from Bacon & Hirschmann
(1988). (b) Temperature and pressure estimates based on amphibole
compositions using the thermometer and barometer of Ridolfi et al.
(2010). Relative depth is calculated for oceanic crust, assuming a dens-
ity of 2890 kg m^3, and neglecting the overlying water column.
Strongly zoned core^rim analyses from the same amphibole crystal
are joined by tie lines with cores represented by open symbols. Error
bars represent 2s, calculated as the maximum uncertainty with chan-
ging amphibole composition (Ridolfi et al., 2010). Symbols as in (a).
(c) Temperature and water content estimates based on amphibole
compositions using the thermometer and hydrometer of Ridolfi et al.
(2010). Symbols as in (a); tie lines and error bars as in (b).
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no constraining stratigraphy. However, crystal chemistries
reported by Smith et al. (2003a, 2006) on Macauley and
Raoul basalts and basaltic-andesites generally overlap in
major element composition with the mafic minerals from
the pumices in our study. In addition, the bulk compos-
itions of two Matatirohia mafic blebs plot within the
low-Fe and low-Ti porphyritic suite of basaltic samples
from the 4^10 ka Moumoukai lavas, which immediately
pre-date the Ngaio Group dacites (Smith et al., 2010), sug-
gesting that they have a similar origin (Fig. 16). The min-
eral trace element chemistry of xenocrystic clinopyroxene
has been used to back-calculate the composition of the
equilibrium mafic liquids, resulting in compositions closely
similar to those of the mafic blebs and/or previously
erupted basalts (Fig. 17a).
Temporal relationships can be partially constrained for
the tonalite source, which has been assimilated into the
Oneraki and Green Lake Pumice units at Raoul volcano.
Mortimer et al. (2010) reported a zircon U^Pb age (by
LA-ICP-MS) of 1·250·06Ma from a single tonalite frag-
ment collected from lithic breccias in the Matatirohia de-
posits, which is petrographically identical to the tonalite
xenolith investigated in this study (PETLAB database:
http://pet.gns.cri.nz/). If these tonalites share the same
origin, they are considerably older than the host Ngaio
group dacite deposits, suggesting that silicic magmatism is
not necessarily confined to the recent (54 kyr) Raoul mag-
matic system (see Smith et al., 2003b). As the whole-rock
REE pattern of the tonalite analysed in this study is
subparallel to the patterns obtained for the dacite pumice
units (Fig. 6) it is inferred that the tonalites represent an
earlier episode of felsic magmatism (and volcanism?) simi-
lar to the54 ka system. As the tonalite has undergone vari-
able amounts of high-temperature hydrothermal
alteration, the host plutonic body could be present within
the hydrothermal envelope of Raoul Island. This is also
supported by elevated whole-rock 87Sr/86Sr ratios and
lower d18O for the mottled low-An plagioclase.
Assimilation of tonalite minerals into the dacite magma in-
dicates that interaction may have occurred close to the
magmatic^hydrothermal interface, which could be as shal-
low as 2 km for Raoul (Graaf, 2006). Amphibole barom-
etry for the tonalite further supports shallow magma
emplacement and hydrothermal interaction (Fig. 15).
Compositional zoning: diverse magmatic conditions
Compositional zoning and disequilibrium features (e.g.
sieve and resorption textures) occur in many Kermadec
pumice crystal populations. There is a diverse range of
zoning patterns (e.g. normal, reverse, oscillatory), which
vary in degree and in compositional range between crystal
phases, single samples and volcanoes. There are two
end-member types of zoning in plagioclase, which record
either subtle variations in local conditions (e.g. tempera-
ture, water content, pressure, fO2; Blundy & Wood, 1991;
Berlo et al., 2007) or extreme variations probably caused
by large differences in melt composition (Bowen, 1913;
Johannes & Holtz, 1990; Putirka, 2005). As a case example,
Healy plagioclase compositions range from An30 to An98
(Fig. 9f) with two zoning types. At one extreme crystals
display oscillatory zoning (e.g. Fig. 8a), in which there is
only 5^10 An mol % variation between zones, which
may be caused by small variations in physical conditions
Fig. 16. Selected major element variation diagrams for mafic blebs
from the Matatirohia deposit compared with published data from
Smith et al. (2006, 2010). Filled symbols represent the youngest basaltic
to basaltic andesite material. Large triangles represent two whole
mafic blebs analysed in this study. Other symbols are older basaltic
and basaltic andesite units and silicic units from the Ngaio Group
eruptions (from Smith et al., 2010). The dashed line separates high-Fe/
high-Ti aphyric samples from low-Fe/low-Ti porphyritic samples
(Smith et al., 2010). The similar bulk compositions of the mafic blebs
to those of previously erupted basalts should be noted.
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within the magma chamber. At the other extreme there
can be as much 50 An mol % variation between zones,
which can only be caused by a drastic change in the host
melt composition, providing further evidence for magma
mixing.
In contrast, many crystals have compositions that are
far from equilibrium with their host glasses, but com-
pletely lack compositional zoning. For example, the ma-
jority of olivines within the Kermadec pumices have
only minor (510^20 mm) or no observed reaction rim.
As shown by Coombs & Gardner (2004), in experi-
ments with conditions (8858C, 150MPa and 4·2 wt %
H2O) comparable with those for the Kermadec
magmas, olivine rim growth rates in a rhyodacite
melt were found to be relatively rapid at 10·5 mm
h^1. The lack of reaction rims in the Kermadec pum-
ices implies that in many cases magma mixing be-
tween the silicic melts and the mafic-sourced olivines
occurred either immediately prior to eruption or con-
ceivably syn-eruptively.
Fig. 17. (a) Calculated melt REE concentrations from mafic clinopyroxene xenocrysts compared with whole-rock REE compositions.
Macauley basalts are from Smith et al. (2003a). The Healy basalt is from I. C.Wright (unpublished data). Clinopyroxene REE partition coeffi-
cients are from McKenzie & O’Nions (1991). (b) REE patterns calculated for Kermadec magmas with varying levels of perfect fractional crys-
tallization from a basaltic parent. Mineral proportions used in the fractionation calculations are from Table 4. Also shown is the average
Healy melt inclusion REE composition (trend with stars) from Saunders et al. (2010). The starting compositions used in the calculations are
from the Matatirohia mafic bleb for Raoul, basaltic lava from Smith et al. (2003a) for Macauley, and basaltic lava from I. C.Wright (unpub-
lished data) for Healy. Partition coefficients are from McKenzie & O’Nions (1991), except for magnetite (Lemarchand et al., 1987) and ilmenite
(Paster et al., 1974). Chondrite normalization values from Palme & Beer (1993).
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Petrogenesis of silicic magma in the
Kermadec arc
The dominant process of differentiation: fractional crystal-
lization or crustal anatexis?
To discriminate between fractionation and crustal ana-
texis, we consider what the key differences would be
between silicic magmas generated by each mechanism.
Smith et al. (2003a, 2003b, 2006, 2010) attributed the gener-
ation of silicic magmas to lower crustal dehydration melt-
ing of mafic amphibolite. In their model, amphibolite
forms in the lower oceanic crust once the crust reaches an
appropriate thickness (15 km) and heat-flow rate. Silicic
magmas are formed in a narrow window of time and,
owing to changing chemical and physical parameters, the
composition of the melt phase can vary significantly
between magma batches (Smith et al., 2003a). If, however,
silicic magmas at Raoul and Macauley were generated in
this fashion, it could be expected that they would have
trace element signatures that differ significantly from
those of the basalts from the same volcanoes (see Greene
et al., 2006; Brophy, 2008). In particular, Brophy (2008)
showed that a crystal fractionation origin for silicic
magmas will generate positive trends between SiO2 and
REE concentrations, whereas dehydration melting of am-
phibolite crust leads to negative SiO2^REE correlations.
The silicic magma chemistry from a melting origin would
also be expected to vary between magma batches with
changes in the degree of melting or variables such as
source mineralogy or degree of metasomatism. This study
suggests that this is not the case, as the silicic magmas gen-
erally have trace element patterns that do not vary signifi-
cantly between eruptions or chemical groups (with the
exception of the outlier composition from Macauley), and
are subparallel to the trace element patterns of basaltic
material from the respective volcanoes (Fig. 6). Isotopic
compositions also show little variation between mafic and
silicic magmas (Fig. 7; Haase et al., 2002; Smith et al.,
2003a, 2006, 2010). In addition, oxygen isotope compos-
itions of both mafic and silicic minerals (this study), as
well as basaltic and silicic glasses (Haase et al., 2011), are
within the expected range for mantle-derived melts. As
highlighted by Geist et al. (1995) and Haase et al. (2011),
melting of hydrothermally formed amphibolite (e.g.
Smith et al., 2003a) or hydrothermally altered crust would
result in melts with noticeably lower d18O (e.g. Bindeman,
2008).
Similar problems arise when considering partial melting
of silicic amphibole-bearing plutonic material as the main
source for generation of the observed magmas. Melting of
intermediate or silicic amphibole-bearing plutons by bas-
altic magmas has been proposed to generate silicic
magmas in the Izu^Bonin arc (e.g. Tamura & Tatsumi,
2002; Shukuno et al., 2006; Tamura et al., 2009). Anatexis
of a hornblende-bearing intermediate plutonic rock
should yield the same REE^SiO2 systematics as melting
of more mafic amphibolite (Brophy, 2008), which is not
the case in the Kermadec samples (Fig. 18). In addition,
melting of granites previously formed by dehydration melt-
ing (e.g. Garrido et al., 2006) would be expected to produce
silicic melts with strongly differing chemical compositions
compared with those of normal arc basalts. Tonalite xeno-
liths observed in this study are variably hydrothermally
altered, with trace element and isotopic chemistries that
would generate silicic melts with distinctive chemical char-
acteristics owing to their altered composition. We infer
that the tonalite xenoliths represent plutonic material
above the silicic magma chamber (or possibly roof mater-
ial; e.g. Geist et al., 1995), at depths shallow enough
(52 km) to be within the hydrothermal envelope of Raoul
volcano (Graaf, 2006). Crystals of tonalitic origin within
the dacite pumices preserve their original zonation and
do not have the anhedral or resorbed appearance that
would be expected with high degrees of melting by a hot
basaltic magma. As tonalite fragments and crystals are
relatively rare in Raoul pumices and absent from other
Kermadec pumices, we suggest that tonalite assimilation
plays only a minor role in the Kermadec magmatic
systems.
As an alternative to amphibolite melting, partial melting
of basalt could be proposed for generating the range of sili-
cic magma compositions (which would essentially be the
reverse of modelling fractional crystallization), as sug-
gested for the South Sandwich arc magmas (Leat et al.,
2003, 2007). Large amounts of superheated magma, how-
ever, are required to melt basaltic, non-hydrated oceanic
crust (especially relatively cold upper crust) and are incon-
sistent with moderate volumes of silicic eruptive rocks
(Geist et al., 1995). Fractional crystallization is thermally
an inevitable process in stalled basaltic magmas that can
stay partially molten and susceptible to remobilization
and melt extraction for long time periods (Koyaguchi &
Kaneko, 1999). Nevertheless, partial melting processes
cannot be ruled out, as newly arriving magmas could pro-
vide new heat and mass into crystallizing magma bodies
(Murphy et al., 2000; Bachmann et al., 2002). Distinctive
(but relatively uncommon) clinopyroxene crystals with re-
sorbed cores and high-Mg overgrowths (Fig. 8b) provide
evidence for some degree of partial melting or remobiliza-
tion in the Kermadec magmatic systems. High concentra-
tions of Cr and Ni (Fig. 12) in these resorbed crystals
could be the result of newly arriving, hot, primitive
basalt. However, our overall results provide overwhelming
support for crystallization being the dominant differenti-
ation process and crustal partial melting, although inevit-
ably present, being of secondary importance for melt
differentiation in the Kermadec volcanoes.
To further assess how much crystallization would be
required to generate the observed compositions of the
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Kermadec silicic magmas, differentiation of basalt has
been modelled by least-squares mass balancing of the
observed crystal compositions (Table 4; Cabero et al.,
2012). For Raoul, 75% crystallization of basalt (based on
the composition of a mafic bleb) yields a near-perfect
match for the major element composition of the Green
Lake Pumice (the least mixed bulk pumice composition).
With 80% crystallization using the same conditions, the
composition of the Raoul SW pumices can be generated.
The Sandy BayTephra can also be produced through frac-
tional crystallization of magma compositions similar to
previously erupted basalts (from Smith et al., 2003a) and
observed mafic crystal compositions, with TiO2 slightly
offset, most probably as a result of late-stage ilmenite crys-
tallization. More evolved pumices at Macauley (e.g.
D29_PC03) can also be generated by 80% crystallization
using similar compositions. Compositions from Healy can
be modelled by 80% crystallization of basalt to generate
the observed glass compositions (Table 4), and 75% to
generate the bulk (mixed) pumice compositions.
Mineral proportions from major element modelling have
been used to model REE abundances assuming perfect
fractional crystallization (Fig. 17b). For Raoul, the REE
contents of the observed dacites strongly correlate with
70^75% fractional crystallization. The composition of si-
licic magmas from Macauley also have REE patterns that
are subparallel to those of basalt lavas from Smith et al.
(2003a; Fig. 17b), with pumice compositions occurring as
two groups, and consistent with 70^80% fractional crystal-
lization from basaltic lavas. In contrast, although Healy
pumices are considerably enriched in REE relative to the
basalts, basic fractional crystallization modelling cannot
replicate the LREE enrichment or middle REE (MREE)
depletion observed in the Healy pumices and melt inclu-
sions analysed by Saunders et al. (2010). This REE pattern
may be caused either by fractionation of another crystal
phase not used in modelling (e.g. apatite, which has high
Kd values for MREE), or by extensive late-stage amphibole
crystallization from the evolved melt, as LREE have con-
siderably lower partition coefficients in amphiboles than
MREE or HREE in silicic magmas (Rollinson, 1993).
Although basic REE models generally support an origin
by fractional crystallization, in reality REE variations
during magmatic evolution are more complex, and diffi-
cult to model accurately. Many variables such as changes
in crystallizing phases and changes in partition coefficients
(DREE) with magma evolution can greatly affect the final
melt composition. To address this, Brophy (2008) incorpo-
rated changes in DREE with SiO2 into mass-balance
models to discriminate between amphibolite melting and
crystal fractionation processes. Brophy (2008) found that
regardless of the type of melting (equilibrium, fractional
or accumulated fractional), partial melting of either inter-
mediate or mafic amphibolite should yield REE abun-
dances that remain constant, and then decrease with
increasing liquid SiO2. At high SiO2 values (463 wt %),
LREE abundances should range from slightly enriched to
depleted (i.e. 2^0·2 times those of source values), whereas
Fig. 18. Whole-rock variation diagrams showing La (LREE) andYb
(HREE) vs SiO2 for samples from the four Kermadec volcanoes
investigated in this study. Large filled symbols are from this study;
small open symbols are from Smith et al. (2006, 2010) for Raoul,
Smith et al. (2003a) for Macauley and I. C. Wright (unpublished
data) for Healy volcano. The continuous-line arrows represent the
fractional crystallization path from Fig. 17b. The compositional gap
corresponding to 50% crystallization for Raoul basalts should be
noted. Dashed arrows are inferred fractional crystallization paths.
Dashed grey lines represent a schematic illustration of the compos-
itions that would be expected from amphibolite melting using the
model results of Brophy (2008), showing that regardless of the type of
melting (equilibrium, fractional, accumulated fractional) REE abun-
dances remain essentially constant and then decrease, or steadily de-
crease with increasing liquid SiO2 content. The starting composition
for amphibolite is assumed to be similar to that of the most primitive
samples at each volcano for illustrative purposes. It should be noted
that the variation diagrams for Macauley and Healy have different
y-axis scales from those for Raoul and Raoul SW.
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Table 4: Least-squares fractional crystallization modelling of the Kermadec magmas
Raoul mass-balance model Parent (MB02) Daughter (GLP) Calculation Difference SSE R2 F/C %
SiO2 49·77 69·56 69·56 50·01 50·01 1·00 75·04
TiO2 0·61 0·60 0·60 50·01
Al2O3 17·60 14·14 14·14 50·01
Fe2O3* 11·51 5·28 5·28 50·01
MgO 6·63 1·14 1·14 50·01
CaO 12·08 4·72 4·72 50·01
Na2O 1·63 3·94 3·94 50·01
K2O 0·16 0·62 0·62 50·01
Crystal comp. Ol Ol OPX CPX Mag Plag Plag
(Fo82) (Fo72) (Mg85) (Mnt85) An80 An95
SiO2 38·53 36·34 51·17 52·93 0·10 47·58 43·63
TiO2 0·29 0·13 5·35
Al2O3 2·99 2·14 5·05 32·98 35·48
Fe2O3* 18·22 27·50 18·62 5·80 86·39 0·61 0·77
MgO 43·08 35·99 25·17 17·45 3·11 0·06 0·10
CaO 0·18 0·16 1·76 21·45 16·54 19·63
Na2O 0·01 0·10 2·21 0·38
K2O 0·02 0·01
% crystallized 0·11 2·93 6·89 18·61 7·82 26·40 12·28
sum 100% 0·15 3·90 9·18 24·80 10·42 35·19 16·37
Macauley mass-balance model Parent (45656) Daughter (SBT) Calculation Difference SSE R2 F/C %
SiO2 49·42 70·85 70·85 50·01 0·08 1·00 70·81
TiO2 0·73 0·64 0·35 0·28
Al2O3 17·07 13·32 13·31 0·01
Fe2O3* 11·36 5·01 5·03 0·03
MgO 6·58 0·82 0·79 0·02
CaO 12·73 3·17 3·19 0·01
Na2O 1·71 4·53 4·54 0·02
K2O 0·40 1·66 1·62 0·05
Crystal comp. CPX Plag Mag Plag Ol OPX
(Mg82) An93 (Mnt71) An65 (Fo73)
SiO2 50·70 44·23 0·09 51·33 36·11 51·33
TiO2 0·31 0·00 7·86 0·05 0·61
Al2O3 4·12 34·93 2·48 30·66 1·21
Fe2O3* 6·68 0·97 87·29 0·67 29·35 23·62
MgO 15·79 0·08 2·27 0·05 34·36 21·57
CaO 22·27 19·00 13·34 0·18 1·64
Na2O 0·14 0·78 3·82 0·01
K2O 0·01 0·08
% crystallized 26·97 21·94 8·65 6·50 6·29 0·46
sum 100% 38·09 30·98 12·22 9·17 8·89 0·65
(continued)
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HREE abundances should be slightly depleted (i.e. 1^0·2
times those of source values). To test this hypothesis, La
(LREE) and Yb (HREE) concentrations have been
plotted against SiO2 for samples analysed from both this
and previous studies on the same Kermadec volcanoes
(Fig. 18). None of the samples show indications that they
formed through amphibolite melting (either mafic or inter-
mediate in composition). Instead, they show significant in-
creases in REE concentrations with increasing SiO2. For
Raoul and Raoul SW, increases in La and Yb are similar,
between two and four times the concentration observed in
the mafic blebs (Fig. 18), consistent with REE variations
generated by upper-crustal hornblende-absent basalt frac-
tionation (Brophy, 2008). For Macauley (excepting one
outlier sample) and Healy, La is strongly enriched in the
high SiO2 samples by 3^4 times, whereas Yb is only
slightly enriched by 2^3 times (Fig. 18), consistent with
mid- to upper-crustal hornblende-bearing basalt fraction-
ation. In addition, there is an apparent inconsistency be-
tween the REE data presented by Smith et al. (2003a,
2003b, 2006, 2010) and our data from the same eruption
units, which show generally 20^30% higher REE concen-
trations for the Raoul and Macauley pumices (Fig. 18).
However, the data presented for Raoul volcano by Smith
et al. (2010) still show an overall positive trend in REE con-
centration with increasing SiO2, especially for Yb.
Furthermore, the raw data presented in the online appen-
dices of the studies byWorthington (1998) and Smith et al.
(2010) do not seem to match with data presented in fig. 13
of Smith et al. (2010). When replotted, the raw data of
Smith et al. (2010) are not consistent with amphibolite melt-
ing, but instead suggest that fractional crystallization is
Table 4: Continued
Healy mass-balance model Parent (X594C) Daughter (D38 glass) Calculation Difference SSE R2 F/C %
SiO2 49·83 76·22 76·22 0·00 50·01 1·00 81·87
TiO2 0·99 0·31 0·23 0·08
Al2O3 16·72 13·31 13·31 0·00
Fe2O3* 12·99 2·10 2·11 0·01
MgO 5·41 0·38 0·37 0·01
CaO 11·60 1·93 1·94 0·00
Na2O 2·12 3·96 3·96 0·00
K2O 0·34 1·79 1·79 0·00
Crystal comp. CPX Plag Mag Plag Ol OPX
(Mg78) An95 (Mnt76) An66 (Fo73)
SiO2 51·07 44·04 0·05 51·51 36·93 52·06
TiO2 0·30 7·93 0·03 0·34
Al2O3 3·53 35·25 1·78 30·54 1·40
Fe2O3* 6·55 0·80 88·65 0·79 26·28 19·91
MgO 15·87 0·05 1·60 0·04 36·67 24·76
CaO 22·51 19·32 13·36 0·12 1·52
Na2O 0·17 0·52 3·69 0·00
K2O 0·01 0·05
% crystallized 22·80 6·33 10·79 36·01 0·51 5·44
sum 100% 27·84 7·73 13·18 43·98 0·62 6·64
Mass-balancing calculations made using OPTIMASBA Microsoft Excel workbook from Cabero et al. (2012). SSE, sum
of squares owing to error. F/C %, total amount of crystallization from the original melt. Daughter used for Raoul is
sample RI18_PO5 from the Green Lake pumice. SBT, Sandy Bay Tephra (MI07_PO3). Parent melt for Macauley is a
basaltic lava from Macauley Island from Smith et al. (2003a). Parent melt from Healy is a basalt analysed by Wright &
Gamble (1999). CPX, clinopyroxene; OPX, orthopyroxene; Ol, olivine; Plag, plagioclase; Mag, magnetite.
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the dominant process of melt differentiation at Raoul
(Brophy, 2008; Fig. 18).
Fractional crystallization: potential problems?
Many studies have suggested that fractional crystallization
alone cannot explain the chemical diversity of silicic
magmas in intra-oceanic arcs when compared with con-
temporaneous basaltic or andesitic magmas (e.g. Tamura
& Tatsumi, 2002; Leat et al., 2003; Smith et al., 2003a,
2003b, 2006, 2010; Vogel et al., 2004; Shukuno et al., 2006;
Tamura et al., 2009). Several lines of evidence have been
proposed against fractional crystallization, which we ad-
dress below.
(1) Large silicic eruption volumes. The large volumes of silicic
magma erupted have been proposed as a major argu-
ment against fractional crystallization both in the
Kermadec arc (Smith et al., 2003a, 2003b) and other
oceanic arc settings (e.g. Leat et al., 2003). In part
this objection is, however, based on large estimates of
eruption sizes (e.g. Latter et al., 1992). Many of the
constraints involved in these arguments are based on
assumptions that fractional crystallization would re-
quire high degrees of crystallization, and that such
prolonged fractionation would generate small melt
volumes that contain a complexly zoned phenocryst
assemblage. Several studies have shown that large sili-
cic magma volumes can be generated by fractional
crystallization, and erupted in large volumes (e.g.
Baker et al., 2000; Ukstins-Peate et al., 2008). Current
understanding of magma crystallization (e.g. Marsh,
1988, 1996; Vigneresse et al., 1996) and of silicic
magma reservoir structure (e.g. Hildreth & Wilson,
2007; Bachmann & Bergantz, 2008) suggests that
large volumes of crystal-poor magma can be rapidly
and effectively extracted from crystal mush zones
(Bachmann & Bergantz, 2004; Hildreth, 2004;Wilson
et al., 2006; Lipman, 2007; Girard & Stix, 2009;
Wilson & Charlier, 2009). These models may also be
applicable to the Kermadec magmatic systems, as
this study, combined with previous work on melt in-
clusions from Healy pumices (Saunders et al., 2010),
has shown evidence for extensive fractional crystal-
lization in the generation of the silicic magmas.
Although the amount of magma released in each
eruption is poorly constrained, estimates of the
volume of parental melt required to generate
the range of silicic eruptive volumes can be made.
The volume of parental melts required for 70^80%
fractional crystallization is 2·5^5 times larger than
the volume of silicic magma erupted. Modest eruption
sizes of 1^2 km3 would thus require a minimum of
2·5^10 km3 of crystallizing parental melt, a more rea-
sonable volume given the large total volume of the
Kermadec volcanoes (e.g. Raoul4200 km3; Smith
et al., 2006) and the significant volumes of basalt
erupted in recent cone-building episodes at Raoul
and Macauley. Large volumes of partially to highly
crystalline mush can hold extractable melt for long
time periods (e.g. Bachmann & Bergantz, 2004), espe-
cially if the magma reservoir is primed and heated
from newly arriving melts.
(2) The crystal-poor nature of the pumices. This cannot rule
out a fractional crystallization origin of the magmas
as crystal^melt segregation in silicic systems depends
on many contributing processes (see Bachmann &
Bergantz, 2004, for review). As observed in continen-
tal volcanoes, silicic magmas erupted from mush-
dominated magma reservoirs range from highly
crystalline (up to 50 vol. % crystals; Bachmann et al.,
2002) to almost aphyric (e.g. Hildreth, 2004).
(3) Variations in magma chemistry over time. Smith et al.
(2003a, 2003b, 2006, 2010) used major element model-
ling to propose that the silicic magma batches from
Raoul could not be related or derived from a
common parent unless the composition of the ex-
tracted assemblage varied for each batch. As shown
here, however, much of the perceived variation
between these magma batches is caused by differing
degrees of mixing or assimilation from multiple
sources. We suggest that the Raoul magmas were
held in an open magma chamber, exposed to mass
and chemical exchange not only with progenitor
mafic bodies, but also with hydrothermally altered
felsic plutonic material.
(4) Bimodal erupted compositions. Like other oceanic arc sys-
tems (e.g. Izu^Bonin: Tamura & Tatsumi, 2002;
South Sandwich: Leat et al., 2003) the Kermadec arc
has erupted a bimodal whole-rock compositional dis-
tribution (Wright et al., 2006). This is also evident in
the composition of minerals within the pumice sam-
ples. Similar observations, however, apply across a
broad range of magmatic settings (e.g. Daly, 1925;
Baker, 1968; Reubi & Blundy, 2009), and are not a
unique feature of Kermadec volcanoes, and hence
cannot be used to discount fractional crystallization
as the dominant differentiation process. In addition,
experimental studies have shown that large compos-
itional changes over small temperature intervals sig-
nificantly reduce the likelihood of extracting andesite
liquid compositions (Reubi & Blundy, 2009).
(5) The abrupt change from basalt to dacite. At both Raoul and
Macauley, the record of subaerial volcanism was used
to suggest that prior to 4 and 7 ka, respectively,
basalt and basaltic-andesite were the dominant
magmas erupted at each volcano (Brothers & Searle,
1970; Ewart et al., 1977; Lloyd & Nathan, 1981; Lloyd
et al., 1996; Smith et al., 2003a, 2003b, 2006). The pres-
ence of 1·25 Ma tonalite lithic fragments in the
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‘earliest’ (Matatirohia) silicic deposits on Raoul and
granitoid lithic fragments in the Sandy Bay tephra on
Macauley demonstrates that silicic magmatism has
persisted over long time periods, whether or not
accompanied by surviving volcanic deposits. The
record from sediment cores offshore from Raoul
and Macauley also shows that multiple silicic erup-
tions have occurred in the Pleistocene (Shane &
Wright, 2011).
(6) Sr variations with plagioclase crystallization. Trace element
variations form a subparallel pattern between basalt
and dacite or rhyolite at each of the Kermadec volca-
noes on multi-element and REE plots (Figs 6 and 17).
The trace elements that are an exception to this are
Eu, Ti and Sr. As Eu and Ti depletions are the effects
of plagioclase and magnetite fractionation respect-
ively, these differences would be expected with
magma evolution. However, the lack of Sr depletion
in evolved magmas has previously been used as evi-
dence against crystal fractionation at Raoul and
Macauley volcanoes, as Sr is compatible in plagio-
clase (Smith et al., 2003a, 2006). Sr partitioning into
plagioclase, however, is highly dependent on the
anorthite content of the plagioclase and therefore on
changes in temperature, pressure, melt composition
and water content (Blundy & Wood, 1991; Be¤ dard,
2006; Smith et al., 2009). In general, DSr in plagioclase
increases with decreasing anorthite content (Blundy
& Wood, 1991), evident in Sr variability in plagioclase
of differing anorthite content from the Kermadec vol-
canoes (Fig. 10). The lack of Sr depletion in the silicic
magmas could thus be interpreted to reflect plagio-
clase crystallization acting in concert with changing
Sr partitioning with melt composition. All pumices
in this study have negative Eu-anomalies, indicating
that plagioclase has fractionated. In addition, many
plagioclase crystals in the silicic melts are xenocrysts
assimilated from less evolved melts, indicating that
the evolved magma is open to chemical and mass
exchange.
Inferred magmatic systems of the
Kermadec volcanoes
This study demonstrates that fractional crystallization is
the dominant process for the generation of silicic magmas
at four Kermadec arc volcanoes, and that the basaltic and
silicic magmas and previously crystallized plutons are clo-
sely related. It is envisaged that ascending basaltic
magmas stall and form partially to wholly crystalline plu-
tonic bodies, which subsequently differentiate to form sili-
cic magmas. This concept is supported by the presence of
gabbroic plutonic xenoliths on Raoul and Macauley
Islands, as well as mafic-derived crystals mixed into many
Kermadec pumices. Because of the strong genetic links be-
tween the mafic and silicic magmas, it is interpreted that
mafic crystals previously termed xenocrysts might be
better termed ‘antecrysts’ (Hildreth, 2004; Charlier et al.,
2005; Jerram & Martin, 2008), as they crystallized in the
progenitor melts from which the silicic magmas
fractionated.
The crystal mush model has been widely applied to con-
tinental volcanoes to explain the rapid generation and ac-
cumulation of large amounts of eruptible silicic magma
(Bachmann & Bergantz, 2004; Hildreth, 2004; Wilson
et al., 2006; Hildreth & Wilson, 2007; Girard & Stix,
2009).We suggest that the crystal mush model may help ex-
plain many features of the Kermadec silicic magmas. The
crystal mush model does not in itself favour crustal melting
or fractional crystallization as the dominant process, as
the 50^60 vol. % crystal window can be achieved by
either mechanism. However, thermodynamic models of
heat and mass transfer within the crust (Barboza et al.,
1999; Babeyko et al., 2002; Dufek & Bergantz, 2005; Annen
et al., 2006) and field observations in exposed crustal sec-
tions (Barboza & Bergantz, 2000; Greene et al., 2006;
Hacker et al., 2008) suggest that fractional crystallization
occurring synchronously with some assimilation is the
dominant differentiation process in most tectonic settings
(Bachmann & Bergantz, 2008).
A schematic illustration (Fig. 19) highlights the role crys-
tallization of previously emplaced basaltic magmas plays
in the generation of silicic magmas, using Raoul volcano
as a type example. The magma reservoir can be defined
by four main zones, as follows.
Zone (1), stalled basaltic magma. Rising mantle-derived
melts stall within the mid- to lower crust and crystallize,
providing heat and new material to the overlying mush
column (Marsh, 1988, 1996). The depth and extent of this
zone is poorly constrained, and could vary significantly,
possibly as far down as the base of the crust (15 km).
Although there is no evidence for large-scale exchange of
melt into the evolved silicic magmas, some high-Mg clino-
pyroxene antecrysts in the dacite show evidence for resorp-
tion in primitive (high-Cr and -Ni) magmas (e.g. Fig. 8b).
This suggests that primitive melts can make their way
into the mush column and interact with more-evolved
crystals. This process is considered to be likely given that
newly arriving liquid basalts would have a lower density
than the gabbroic cumulates that make up the base of the
mush column.This also suggests that newly arriving primi-
tive magmas could induce some partial melting in some
parts of the overlying cumulate mush column. These find-
ings differ from those of Smith et al. (2010), who suggested
that the crystal reservoir formed from magma more primi-
tive than the evolved magmas that ascended into it.
Zone (2), crystal-rich cumulate mush column. Crystallizing
basalts form a zone of partly to wholly crystalline crystal
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mush [compare the partly molten dykes and sills extending
vertically through the crust proposed by Smith et al.
(2010)]. Crystallization may be induced by stalling or by
decompression-induced H2O exsolution (Brophy, 2009).
The mush column behaves as a rheological solid, and
chunks can be disaggregated and transported by the
intruding magma. The crystals that make up a large part
of the mush column include high-An plagioclase as well as
clinopyroxene and olivine with high Mg numbers (470^
85). Many of these crystals are eventually erupted in the
more evolved basalts and basaltic-andesites (Smith et al.,
2006, 2010), as well as dacites. It is inferred that the upper
part of the mush column is more evolved, and largely crys-
talline (455 vol. % crystals). This part of the mush
column acts as a rigid sponge, from which eruptible silicic
melt can be readily extracted into the overlying silicic
melt-dominant body.
Zone (3), silicic melt dominant body. The dacite magma is hot
(900^10008C for Raoul; Table 3) and crystal poor. As
many crystals observed in the pumices are grouped into
clots, crystallization may predominantly occur on the
chamber walls and/or roof (Marsh, 1988). The exact size
and shape of the silicic magma chamber is unknown,
although because of the sizes of the Raoul and Denham
calderas and the inferred magma volumes erupted, it is
likely to have had a sill-like form. Whether this is a con-
tinuous body that encompasses both calderas is uncertain.
However, as activity was observed from Denham Bay
during eruptions from Raoul caldera (e.g. 1814, 1872 and
1964; Lloyd & Nathan, 1981), it is inferred that they have
some close connection. Several studies have suggested that
basaltic magma mixing can be a triggering mechanism
for silicic eruptions (e.g. Pallister et al., 1992; Leonard
et al., 2002; Wilson et al., 2006). This may be the case for
the Raoul eruptions, as unzoned olivine crystals indicate
that magma mixing occurred very shortly before eruption.
As some crystals in mafic blebs have been resorbed in
primitive basalts (indicated by clinopyroxene zones with
high Cr and Ni), they may be sourced from deeper in the
mush column. This also suggests that influx of new primi-
tive magma into the deeper reservoir may disrupt the
overlying crystal mush, and possibly the silicic melt domin-
ant body. Another possibility is that the eruption of silicic
magma acted as a trigger for magma mixing, and largely
crystalline basalt at the base of the silicic magma chamber
was overturned during eruption and decompression
(Woods & Cowan, 2009). Regardless of mixing mechan-
isms, the rounded cauliform appearance and internal tex-
tures of the mafic blebs indicate that they were partially
molten when incorporated into the dacite magma. This
Fig. 19. Schematic illustration of the structure of the magmatic system below Raoul volcano. (See text for details.) Depth of the magma cham-
ber is constrained by amphibole barometry; other dimensions are schematic. Depths of the zones 1 and 2 are unknown, as indicated by the
dashed depth scale. The depth of hydrothermal circulation is from Graaf (2006).
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also highlights how the formation of a silicic magma cham-
ber(s) has affected the entire magmatic system. Owing to
the density contrast between basaltic and silicic melts,
rising basalts are not able to penetrate in quantity through
the more evolved magmas (e.g. Geist et al., 1995), which
may explain the change from basaltic to dacitic volcanism
at Raoul during the last 4000 years.
Zone (4), overlying country rock and hydrothermal system. The
region above the silicic magma chamber plays an import-
ant role in the Raoul magmatic system. This study has
shown that low-An plagioclase, probably from a shallow
tonalite source, was assimilated into the dacite magmas.
The tonalites are hydrothermally altered and are therefore
likely to have been sourced from a region in close proxim-
ity to both silicic magmas and the hydrothermal system at
Raoul (estimated at 2^3 km depth from hydrothermal
water chemistry; Graaf, 2006). As tonalite xenocrysts are
assimilated only in younger eruptions from Raoul, it is
possible that the silicic magma chamber may have shifted
to shallower levels with time, even as eruption volumes
have decreased. More recently, historical activity at Raoul
has consisted of small phreatic or phreatomagmatic erup-
tions in 1814, 1872, 1964 and 2006, which may be caused by
the intrusion of dikes into the hydrothermal system
(Graaf, 2006).
The proposed magmatic system model for Raoul
(Fig. 19) could also apply to Raoul SW, Macauley and
Healy, as samples from these volcanoes share many of the
features observed in Raoul pumices (e.g. mafic blebs,
mafic crystals, crystal clusters). For Healy and Raoul SW,
crystallization may play a larger role in the silicic magma
chamber, as pumices contain large clots of clustered crys-
tals of more evolved or hydrous compositions (e.g. amphi-
bole and quartz). Many of the Healy crystals are not in
equilibrium with their host glasses, indicating that there
may be further crystal^melt segregation in the Healy silicic
magma chamber(s). However, the lack of stratigraphic
control on submarine dredge samples (Barker et al., 2012)
and poor constraints on eruptive histories restrict further
speculation for these volcanoes.
CONCLUSIONS
A detailed investigation of the compositional variations
and mineralogical diversity in pumice samples from four
Kermadec arc volcanoes has shown the following.
(1) Samples from Raoul have a relatively restricted
whole-rock compositional range. Samples dredged
from around Macauley caldera fall into several differ-
ent compositional groups, demonstrating that the
products sampled by dredging are from multiple erup-
tions and/or magma systems. In contrast, samples
dredged from Healy and Raoul SW have restricted
compositions. Subtle whole-rock compositional
variations can be explained by magma mixing with
variable amounts of crystal cargoes.
(2) Pumice samples from all volcanoes have a diverse
crystal assemblage with multiple populations, many
of which show evidence for complex magmatic his-
tories. Although some crystals are in equilibrium
with their host glasses many are not, with compos-
itions that are more consistent with a mafic source.
Hydrothermally altered plagioclase and quartz are
also found in some Raoul pumices. Magma mixing
and/or minor assimilation plays an important role in
the Kermadec magmatic systems, as evident from the
crystal assemblages and from inclusions of discrete
mafic blebs. The origin of mixed crystals and melts at
Raoul and Macauley is consistent with two sources
as reflected in co-eruptive plutonic xenoliths: hydro-
thermally altered tonalite and cumulate olivine gab-
bros. The tonalite, through comparison with
petrographically similar material dated at 1·25Ma
(Mortimer et al., 2010), is inferred to represent earlier
silicic magmatism at Raoul.
(3) At all four volcanoes, pumice trace element patterns
are subparallel to those of basalts and whole mafic
blebs extracted from within pumices. In addition,
samples from single volcanoes show limited ranges in
Pb and Sr isotopic compositions. Major and trace
element compositions of the Kermadec silicic
magmas can be modelled by 70^80% fractional crys-
tallization of a basaltic parent. Variations of LREE/
HREE ratios with SiO2 are consistent with mid- to
upper-crustal hornblende-absent basalt fractionation
for Raoul and Raoul SW, and mid- to upper-crustal
hornblende-bearing basalt fractionation for
Macauley and Healy. Trace element patterns, mineral
O-isotope compositions, major and trace element
modelling, and considerations of thermal limitations
suggest that fractional crystallization is the dominant
process for generating silicic magmas, and not crustal
anatexis as previously suggested.
(4) The magmatic systems of the Kermadec volcanoes
can be envisaged as a column of crystallizing basalt
forming a large cumulate mush zone from which
more evolved magmas form. This mush column is
recharged with heat and material from newly arriving
primitive melts. Owing to large density contrasts, the
rising basalts are not able to rise through the more
evolved magmas. The silicic magma chamber is open
to mixing of material from progenitor melts and
overlying country rock, as recorded in pumice min-
eral assemblages.
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The following appendix presents raw pyroclast images not chosen for quantification, 
marked with (†). Density/vesicularity histograms showing how clasts were chosen for 
thin sectioning across the range in density can be found in Appendix G for Raoul 
volcano and the Sandy Bay Tephra of Macauley volcano, in Rotella et al. [2013a (Chapter 
4)] for the Taupo floated pumice, and in Chapter 6 for Healy, Raoul SW and Havre 
volcanoes. 
Backscattered electron (BSE) images were taken on a JEOL JXA 8320 
SuperProbe electron microprobe (Victoria University of Wellington, School of 
Geography, Environment and Earth Sciences) with the exception of images marked with 
(*) which were taken on a JEOL-5900LV scanning electron microscope (University of 
Hawaii at Manoa, School of Ocean, Earth Science and Technology), or (**) which were 
taken on a JEOL JSM-5300LV scanning electron microscope (Victoria University of 
Wellington, School of Chemical and Physical Sciences). All images were taken at 1280 x 
960 pixels resolution. Scanned thin section images were taken at Victoria University of 
Wellington at 3200 dpi resolution with the exception of thin sections marked with (***) 
which were taken at the University of Hawaii at 1200 dpi resolution. See Chapter 2 for a 
detailed description of the imaging methods used.  
 
Samples Imaged but not Quantified: 
 
Raoul volcano 
Rangitahua 
RI04_P01_C8† 
RI04_P01_C41†  
 
Matatirohia 
RI06_P01_C10†  
 
Green Lake 
RI18_P08_C50†  
RI18_P08_C65b†  
RI18_P08_C93†  
 
Green Lake Floated Pumice 
RI08_P07_C17†  
 
Oneraki 
RI12_P03_C41†  
RI12_P05_C92†  
 
Fleetwood 
RI15_P01_C12†  
RI15_P03_C38†  
 
Macauley volcano 
Sandy Bay Tephra, Macauley Island 
MI01_P07_C22†  
MI01_P07_C151†  
MI06_P01_C17†  
MI07_P01_C23†  
MI07_P01_C99†  
SB02_P01_C3†  
 
Seafloor Dredged around Macauley Island 
D25_C2a†  
D25_C2b†  
D25_C7†  
D25_C11†  
D30_C1†  
D30_C3†  
D30_C8†  
D30_C10†  
D31_C2†  
D31_C7†  
D31_C8†  
D31_C10†  
D33_C4†  
 
Healy volcano 
Seafloor Dredged at Healy volcano 
D36_C74†  
D37_C4†  
D37_C13†  
D37_C58†  
D37_C113†  
D37_C185†  
D37_C279†  
D37_C689†  
D37_C692†  
D44_C22†  
D44_C111†  
D44_C118†  
D46_C6†  
D46_C12†  
D46_C168†  
D46_C192†  
D46_C243†  
 
Raoul SW volcano 
Seafloor Dredged at Raoul SW volcano 
D22_C32†  
 
July 2012 Kermadec pumice eruption, Havre volcano 
July 2012 Kermadec Pumice Eruption 
HV_S3_C4b†  
HV_S3_C29b†  
HV_S3_C46b† 
RI04_P01_C8
40x 40x
40x 100x
Clast Density = 1.33 g/cm3 
Clast Vesicularity = 44.7%
xxx μm
100 μm
100x100x
scan
†
200 μm
100 μm
0.5 cm
1
RI04_P01_C8†350x
20 μm
20 μm
2
scan
A
D
B
C
RI04_P01_C41 Region A
100x 350x
100 μm
350x 350x
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.8%
40x
20 μm
200 μm
100 μm
0.5 cm
3
100x 350x
100 μm
350x 350x
40x
scan
A
D
B
C
RI04_P01_C41 Region B
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.8%
0.5 cm
20 μm
200 μm
100 μm
4
100x 350x
100 μm
350x 350x
40x
scan
A
D
B
RI04_P01_C41 Region C
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.8%
0.5 cm
20 μm
200 μm
100 μm
C
5
100x 350x
100 μm
350x 350x
40x
scan
A
D
B
C
RI04_P01_C41 Region D
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.8%
0.5 cm
20 μm
200 μm
100 μm
6
RI06_P01_C10†
Clast Density = 0.65 g/cm3 
Clast Vesicularity = 72.8%
40x40x
scan
150x150x
200 μm
100 μm
0.5 cm
7
RI06_P01_C10†
25 μm
500x
8
RI18_P08_C50†
40x 40x
150x
Clast Density = 1.01 g/cm3 
Clast Vesicularity = 58.0%
500 μm
150x
100 μm
150x
40x
scan
200 μm
0.5 cm
100 μm
9
RI18_P08_C50†500x
20 μm
20 μm
10
RI18_P08_C65b†
40x 40x
40x 150x
Clast Density = 0.44 g/cm3 
Clast Vesicularity = 81.5%
500 μm
150x 150x
100 μm
scan
200 μm
0.5 cm
10  μm
11
RI18_P08_C65†500x
20 μm
20 μm
12
20 μm
scan
Clast Density = 0.83 g/cm3 
Clast Vesicularity = 65.3%
40x
500x150x
500x 500x
500x 500x
RI08_P07_C17 Region A†
A
B
C
D
25 μm
200 μm
100 μm
0.5 cm
13
scan
Clast Density = 0.83 g/cm3 
Clast Vesicularity = 65.3%
40x
500x150x
500x 500x
500x 500x
RI08_P07_C17 Region B†
A
B
C
D
25 μm
200 μm
100 μm
0.5 cm
14
scan
Clast Density = 0.83 g/cm3 
Clast Vesicularity = 65.3%
40x
500x150x
500x 500x
500x 500x
RI08_P07_C17 Region C†
A
B
C
D
25 μm
200 μm
100 μm
0.5 cm
15
scan
Clast Density = 0.83 g/cm3 
Clast Vesicularity = 65.3%
40x
500x150x
500x 500x
500x 500x
RI08_P07_C17 Region D†
A
B
C
D
25 μm
200 μm
100 μm
0.5 cm
16
RI18_P08_C93†
40x 40x
150x
Clast Density = 0.65g/cm3 
Clast Vesicularity = 72.9%
500 μm
150x
100 μm
150x
40x
scan
200 μm
0.5 cm
100 μm
17
RI18_P08_C93†500x
20 μm
20 μm
18
RI12_P03_C41*†
25x 25x
100x 100x
scan***
Clast Density = 0.79 g/cm3 
Clast Vesicularity = 67.0%
500 μm
100 μm
500 μm
100 μm
0.5 cm
19
RI12_P03_C41*†
500x
20 μm
25 μm
20
RI12_P05_C92*†
25x 25x
100x 100x
scan***
Clast Density = 0.66 g/cm3 
Clast Vesicularity = 72.5%
500 μm
100 μm
500 μm
100 μm
0.5 cm
21
RI12_P05_C92*†
500x
20 μm
25 μm
22
RI15_P01_C12†
150x
150x150x
40x
Clast Density = 0.37 g/cm3 
Clast Vesicularity = 84.6%
0.5 cm
100 μm
scan
40x
200 μm
40x
100 μm
23
RI15_P01_C12†500x
20 μm
24
RI15_P03_C38†
40x 40x
40x 150x
scan
Clast Density = 0.83 g/cm3 
Clast Vesicularity = 65.4%
xxx μm
100 μm
150x150x
200 μm
0.5 cm
100 μm
25
RI15_P03_C38†500x
20 μm
20 μm
26
MI01_P07_C22 Region A†
500x 500x
scan
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.8%
150x 150x
40x 150x
200 μm
0.5 cm
100 μm
25 μm
A
B C D E
27
MI01_P07_C22 Region A†
500x
25 μm
28
MI01_P07_C22 Region B†
150x 150x
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.8%
150x 150x
40x 150x
200 μm 100 μm
scan
0.5 cm
A
B C D E
29
150x 150x
150x 150x
40x 150x
MI01_P07_C22 Region C†
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.8%
200 μm 100 μm
scan
0.5 cm
A
B C D E
30
150x 150x
150x 150x
40x 150x
MI01_P07_C22 Region D†
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.8%
200 μm 100 μm
scan
0.5 cm
A
B C D E
31
150x 150x
150x 150x
40x 150x
MI01_P07_C22 Region E†
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.8%
200 μm 100 μm
scan
0.5 cm
A
B C D E
32
MI01_P07_C151 Region A†
500x 500x
scan
100 μm
Clast Density = 0.42 g/cm3 
Clast Vesicularity = 82.6%
40x 150x
A
B
C
200 μm 100 μm
25 μm
0.5 cm
33
150x 500x
100 μm
40x 150x
MI01_P07_C151 Region B†scan
Clast Density = 0.42 g/cm3 
Clast Vesicularity = 82.6%
A
B
C
200 μm 100 μm
25 μm
0.5 cm
34
MI01_P07_C151 Region B†
500x
25 μm
35
150x 500x
100 μm
40x 150x
MI01_P07_C151 Region C†scan
Clast Density = 0.42 g/cm3 
Clast Vesicularity = 82.6%
A
B
C
200 μm 100 μm
25 μm
0.5 cm
36
MI01_P07_C151 Region C†
500x
25 μm
37
MI06_P01_C17†
150x
Clast Density = 0.43 g/cm3 
Clast Vesicularity = 82.0%
150x150x
40x
40x 40x
scan
200 μm
100 μm
0.5 cm
38
MI06_P01_C17†500x
20 μm
25 μm
39
MI07_P01_C11†
150x
Clast Density = 0.45 g/cm3 
Clast Vesicularity = 81.3%
150x150x
40x
scan
40x 40x
0.5 cm
200 μm
100 μm
40
MI07_P01_C11†500x
20 μm
25 μm
41
40x
150x
100 μm
A
D
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.6%
B
C
150x
150x
150x 150x
MI07_P01_C23 Region A†
scan
200 μm 100 μm
0.5 cm
42
40x
150x
A
D
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.6%
B
C
150x
150x
MI07_P01_C23 Region B†
scan
100 μm200 μm
0.5 cm
43
40x
500x
A
D
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.6%
B
C
500x
150x
500x 500x
MI07_P01_C23 Region C†
scan
100 μm200 μm
25 μm
0.5 cm
44
40x
500x
A
D
Clast Density = 0.70 g/cm3 
Clast Vesicularity = 70.6%
B
C
500x
150x
500x 500x
MI07_P01_C23 Region D†
scan
0.5 cm
100 μm
25 μm
200 μm
45
MI07_P01_C99†
40x
Clast Density = 0.29 g/cm3 
Clast Vesicularity = 87.9%
150x150x
40x
scan
0.5 cm
100 μm
200 μm
46
MI07_P01_C99†
500x
25 μm
47
SB02_P01_C3†
150x
Clast Density = 0.42 g/cm3 
Clast Vesicularity = 82.4%
150x150x
40x
40x 40x
scan
200 μm
100 μm
0.5 cm
48
SB02_P01_C3†500x
20 μm
25 μm
49
D25_C2a (cut parallel to woody rim texture) - Region A†
150x 150x
scan
100 μm
500x 500x
A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
40x
200 μm
100 μm
25 μm
0.5 cm
50
D25_C2a (cut parallel to woody rim texture) - Region A†
500x
25 μm
51
D25_C2a (cut parallel to woody rim texture) - Region B†
40x 150x
100 μm
150x 150x
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
200 μm 100 μm
0.5 cm
52
D25_C2a (cut parallel to woody rim texture) - Region C†
40x 150x
150x 150x
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
0.5 cm
200 μm 100 μm
53
D25_C2a (cut parallel to woody rim texture) - Region D†
40x 150x
150x 150x
200 μm 100 μm
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
0.5 cm
54
D25_C2b (cut perpendicular to woody rim texture) - Region A†
150x 150x
scan
500x 500x
A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
E
F
40x
200 μm
100 μm
0.5 cm
25 μm
55
D25_C2b (cut perpendicular to woody rim texture) - Region A†
500x
25 μm
56
D25_C2b (cut perpendicular to woody rim texture) - Region B†
150x 150x
500x 500x
40x
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
E
F
200 μm
100 μm
25 μm
0.5 cm
57
D25_C2b (cut perpendicular to woody rim texture) - Region B†
500x
25 μm
58
D25_C2b (cut perpendicular to woody rim texture) - Region C†
40x 150x
150x 150x
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
E
F
200 μm 100 μm
0.5 cm
59
D25_C2b (cut perpendicular to woody rim texture) - Region D†
40x 150x
150x 150x
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
E
F
200 μm 100 μm
0.5 cm
60
D25_C2b (cut perpendicular to woody rim texture) - Region E†
40x 150x
150x 150x
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
E
F
200 μm 100 μm
0.5 cm
61
D25_C2b (cut perpendicular to woody rim texture) - Region F†
40x 150x
150x 150x
scan A
D
Clast Density = 0.58 g/cm3 
Clast Vesicularity = 76.0%
B
C
E
F
200 μm 100 μm
0.5 cm
62
D25_C7†
40x 40x
40x 40x
scan
Clast Density = 0.23 g/cm3 
Clast Vesicularity = 90.3%
500 μm
150x 150x
100 μm
0.5 cm
200 μm
100 μm
63
D25_C7†
20 μm
150x
100 μm
64
D25_C11†
40x 40x
40x 150x
scan
Clast Density = 0.83 g/cm3 
Clast Vesicularity = 65.5%
150x 150x
200 μm
100 μm
0.5 cm
65
D25_C11†
20 μm
150x
100 μm
66
D30_C1†
40x 40x
40x 40x
scan
Clast Density = 1.14 g/cm3 
Clast Vesicularity = 52.4%
500 μm
150x 150x
100 μm
0.5 cm
200 μm
100 μm
67
D30_C1†150x
100 μm
68
D30_C3†
40x 40x
scan
Clast Density = 1.54 g/cm3 
Clast Vesicularity = 35.7%
40x 150x
100 μm
200 μm
100 μm
0.5 cm
69
D30_C3†
150x
20 μm
100 μm
70
D30_C8†
40x 40x
40x 40x
scan
Clast Density = 0.23 g/cm3 
Clast Vesicularity = 90.4%
500 μm
100x 100x
100 μm
0.5 cm
200 μm
100 μm
71
D30_C8†100x
Images taken on a JEOL XXX Electron  
microprobe at Victoria University of 
Wellington.....
20 μm
100 μm
72
D30_C10 Region A†
40x 150x
scan
100 μm
150x 150x
A
D
F
Clast Density = 0.77 g/cm3 
Clast Vesicularity = 67.7%
B
C
E
G
200 μm 100 μm
0.5 cm
73
D30_C10 Region B†
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.77 g/cm3 
Clast Vesicularity = 67.7%
A
D
F
B
C
E
G
0.5 cm
200 μm 100 μm
74
D30_C10 Region C†
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.77 g/cm3 
Clast Vesicularity = 67.7%
200 μm 100 μm
A
D
F
B
C
E
G
0.5 cm
75
D30_C10 Region D†
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.77 g/cm3 
Clast Vesicularity = 67.7%
200 μm 100 μm
A
D
F
B
C
E
G
0.5 cm
76
D30_C10 Region E†
40x 150x
100 μm
150x 150x
Clast Density = 0.77 g/cm3 
Clast Vesicularity = 67.7%
A
D
F
B
C
E
G
0.5 cm
scan
200 μm 100 μm
77
D30_C10 Region F†
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.77 g/cm3 
Clast Vesicularity = 67.7%
A
D
F
B
C
E
G
0.5 cm
200 μm 100 μm
78
D30_C10 Region G†
40x 150x
scan
100 μm
150x 150x
Clast Density = 0.77 g/cm3 
Clast Vesicularity = 67.7%
A
D
F
B
C
E
G
0.5 cm
200 μm 100 μm
79
D31_C2 Region A†
40x 150x
scan
100 μm
150x 150x
A
D
F
Clast Density = 0.63 g/cm3 
Clast Vesicularity = 73.8%
B
C
E
0.5 cm
200 μm 100 μm
D31_C2 Region B†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.63 g/cm3 
Clast Vesicularity = 73.8%
B
C
E
0.5 cm
200 μm 100 μm
D31_C2 Region C†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.63 g/cm3 
Clast Vesicularity = 73.8%
B
C
E
0.5 cm
200 μm 100 μm
D31_C2 Region D†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.63 g/cm3 
Clast Vesicularity = 73.8%
B
C
E
0.5 cm
200 μm 100 μm
D31_C2 Region E†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.63 g/cm3 
Clast Vesicularity = 73.8%
B
C
E
0.5 cm
200 μm 100 μm
D31_C2 Region F†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.63 g/cm3 
Clast Vesicularity = 73.8%
B
C
E
0.5 cm
200 μm 100 μm
D31_C7 Region A†
40x 150x
scan
100 μm
150x 150x
A
D
F
Clast Density = 0.56 g/cm3 
Clast Vesicularity = 76.7%
B
C
E
G
0.5 cm
200 μm 100 μm
D31_C7 Region B†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.56 g/cm3 
Clast Vesicularity = 76.7%
B
C
E
G
0.5 cm
200 μm 100 μm
D31_C7 Region C†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.56 g/cm3 
Clast Vesicularity = 76.7%
B
C
E
G
0.5 cm
200 μm 100 μm
D31_C7 Region D†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.56 g/cm3 
Clast Vesicularity = 76.7%
B
C
E
G
0.5 cm
200 μm 100 μm
D31_C7 Region E†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.56 g/cm3 
Clast Vesicularity = 76.7%
B
C
E
G
0.5 cm
200 μm 100 μm
D31_C7 Region F†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.56 g/cm3 
Clast Vesicularity = 76.7%
B
C
E
G
0.5 cm
200 μm 100 μm
D31_C7 Region G†
40x 150x
100 μm
150x 150x
scan
A
D
F
Clast Density = 0.56 g/cm3 
Clast Vesicularity = 76.7%
B
C
E
G
0.5 cm
200 μm 100 μm
D31_C8†
40x 40x
scan
100 μm
40x 40x
Clast Density = 0.99 g/cm3 
Clast Vesicularity = 58.6%
40x
0.5 cm
200 μm
D31_C8†
150x
20 μm
100 μm
D31_C8†
150x
20 μm
100 μm
D31_C10†
40x 40x
scan
100 μm
40x 40x
Clast Density = 0.22 g/cm3 
Clast Vesicularity = 90.9%
0.5 cm
200 μm
D31_C10†
150x
20 μm
100 μm
D31_C10†
150x
100 μm
D33_C4 Region A†
150x 500x
scan
100 μm
500x 500x
Clast Density = 0.86 g/cm3 
Clast Vesicularity = 62.4%
A
D
BC
0.5 cm
40x
200 μm
100 μm 25 μm
D33_C4 Region B†
150x 500x
100 μm
500x 500x
scan
Clast Density = 0.86 g/cm3 
Clast Vesicularity = 62.4%
A
D
BC
0.5 cm
40x
200 μm
100 μm 25 μm
D33_C4 Region C†
150x 500x
100 μm
500x 500x
scan
Clast Density = 0.86 g/cm3 
Clast Vesicularity = 62.4%
A
D
BC
0.5 cm
100 μm 25 μm
40x
200 μm
D33_C4 Region D†
150x 150x
100 μm
150x 150x
scan
Clast Density = 0.86 g/cm3 
Clast Vesicularity = 62.4%
A
D
BC
0.5 cm
100 μm
40x
200 μm
D36_C74†
150x
Clast Density = 0.42 g/cm3 
Clast Vesicularity = 82.7%
150x150x
40x
scan
40x 40x
0.5 cm
200 μm
100 μm
D36_C74†
500x
25 μm
D36_C74†
500x
25 μm
D37_C4 Region A†
40x 150x
500x 500x
scan
Clast Density = 0.28 g/cm3 
Clast Vesicularity = 88.3%
500 μm
500x 500x
100 μm
B
C
D
A
0.5 cm
200 μm 100 μm
25 μm
D37_C4 Region B†
40x 150x
500x 500x
500 μm
500x 500x
100 μm
scan
Clast Density = 0.28 g/cm3 
Clast Vesicularity = 88.3%
B
C
D
A
200 μm 1  
25 μm
0.5 cm
D37_C4 Region C†
40x 150x
500x 500x
500 μm
500x 500x
100 μm
scan
Clast Density = 0.28 g/cm3 
Clast Vesicularity = 88.3%
B
C
D
A
200 μm 1  
25 μm
0.5 cm
D37_C4 Region D†
40x 150x
500x 500x
500 μm
500x 500x
100 μm
scan
Clast Density = 0.28 g/cm3 
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